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DIAMPLEI.ZB.lnalikVA,ZoWﬂDOVHmﬁﬂmﬂthzimnmdmyprrbs‘ses
350 W and 400 W respectively. Calculate the values of iron and copper losses which
xiwmnxvmm%’nwymd‘lsqmlmhtﬂhew!wofmxiﬂmmﬁc'mxy.
SOLUTION. Let cos ¢, =1
Atmaximum efficiency,

constant iron loss = variable copper loss

Pi=P,, P+P,=2P,, P;=350

Valycosey
TV, Geos g4 A

1000

000y B 50 0T pu=973%
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_1162-115

%100%=1.04%
115

(3) 0.8 PF Leading:

Vi +Z, L, =11520°V + (0.126 + j0.476 Q)(8.7£36.87° A)

V, =1135220°V
VR 35115
115

x100% =-13%

(c) Atrated conditions and 0.8 PF lagging. the output power of this transformer is

By =V,I; cos 6=(115V)(8.7 A)(0.8) =800 W
‘The copper and core losses of this transformer are

Py =1} Ry =(87A) (0126 Q)=95W

e
v, 2
oA

Therefore the efficiency of this transformer at these conditions is

Four x100% S0W =98.3%
Poox + Poy + P B00W + 95W + 41W
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2.

A 30-kVA 8000/230-V distribution transformer has an impedance referred to the primary of 20 +;100 Q.
The components of the excitation branch referred to the primary side are R, =100kQ and

X, =20kQ.

(a) If the primary voltage is 7967 V and the load impedance is Z, =2.0+;0.7 O, what i the secondary
voltage of the transformer? What is the voltage regulation of the transformer?

(5) Ifthe load is disconnected and a capacitor of —73.0 € is connected in its place, what is the secondary
voltage of the transformer? What i its voltage regulation under these conditions?

SoLuTIoN

(a) The casiest way to solve this problem is to refer all components to the primary side of the
transformer. The furns ratio is a = 8000/230 = 34.78. Thus the load impedance referred o the primary
side is

2z, =(3478)" (204 j0.7 Q)= 2419+ j847 0

‘The seferred secondary current is

. 7967.£0° V. __1967£0°V
(20+7100Q)+(2419+ /847 Q) 26162212°Q

=3.045£-212°A

and the referred secondary voltage is

1,7, =(3.0452-212° A)(2419 + /847 Q) = 78042 -1.9°V

‘The actual secondary voltage is thus
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7804£-19°V
a 3478

A =2244/-19°V

‘The voltage regulation is

VR = 22677804 1500 = 2.09%
7804

() The casiest way to solve this problem is to refer all components to the primary side of the
transformer. The fums ratio is again a = 34.78. Thus the load impedance referred to the primary side is

2, =(3478) (-/3.0 Q)=-j3629 ©

‘The seferred secondary current is

7967£0° V 7967.£0° V

- =2258/89.7° A
(20+7100Q)+(~j3629 Q)  35292-89.7°Q

and the referred secondary voltage is

Y =12, =(2258289.7° A)(~3629 Q) =81942-03° V

‘The actual secondary voltage is thus

N _8ML0FV_50q, o3y

a 3478
‘The voltage regulation is
VR =271 15004 = 10.6%

8194
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28, AI50-MVA 15/200-kV single-phase power transformer has a per-unit resistance of 1.2 percent and a per-

unit reactance of 5 percent (data taken from the transformer's nameplate). The magnetizing impedance is
/80 per unit.

(a) Find the equivalent circuit referred to the low-voltage side of this transformer.

(5 Calculate the voltage regulation of this transformer for a full-load current at power factor of 0.8
lagging.
(c) Calculate the copper and core losses in transformer at the conditions in (B).

(d) Assume that the primary voltage of this transformer is a constant 15 kV. and plot the secondary

voltage as a function of load current for currents from no-load to full-load. Repeat this process for
power factors of 0.8 lagging. 1.0, and 0.8 leading.

(a) The base impedance of this transformer referred to the primary (low-voltage) side is

Ve _ (15KV)

Zp= =150

Sy 10MVA

so Ry =(0012)(150Q)=0.0180Q
Xpy=(005)(15Q)=0075Q
X, =(80)(150Q)=1200
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‘The equivalent circuit is

! a
—- Req, Mgy e

Regr =0.018Q Xpqp =70075Q
R, =not specified X, =1200Q

() If the load on the secondary side of the transformer is 150 MVA at 0.8 PF lagging, and the referred

secondary voltage is 15 kV. then the referred secondary current is

Bow __150MVA

=12,500 A

7, =Bow _ 150MVA
* TV, PF (15kV)(0.8)

12,5004 -36.87° A

‘The voltage on the primary side of the transformer is

s +1s Zegr
5,000£0° V +(12,500£ ~36.87° A)(0.018 + j0.075 Q) =15755£2.23° V

Ve
Ve

Therefore the voltage regulation of the transformer is

_15.755-15.000
T 15.000

*100% =5.03%
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(c) This problem is repetitive in naure, and is ideally suited for MATLAB. A program to calculate the
secondary voltage of the transformer as a function of load is shown below:

M-file: prob2_8.m

M-file to calculate and plot the secondary voltage
of a transformer as a function of load for power
factors of 0.8 lagging, 1.0, and 0.8 leading.
These calculations are done using an equivalent
circuit referred to the primary side.

@ i

@

Define values for this transformer

Ve = 15000 Primary voltage (V)
25:12500; Current values (&)
Equivalent R (ohms)
Equivalent X (ohms)

s

Calculate the current values for the three
power factors. The first row of I contains
the lagging currents, the second row contains
the unity currents, and the third row contains
the leading currents.

= zeros (3, length(amps));

R
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1(1,:) % Lagging
1(2,1) % Unity
1(3,:) % Leading

% Calculate VS referred to the primary side
% for each current and power factor.
avs = VP - (Req.*I + j.*Xeq.*I);

% Refer the secondary voltages back to the
% secondary side using the turns ratio.
Vs = avs * (200/15);

% Plot the secondary voltage (in kv!) versus load
plot (amps, abs (VS (1, :) /1000), 'b-', 'LineWidth',2.0) ;
hold on;

plot (amps, abs (VS (2, :) /1000, 'k--", 'LineWidth',2
plot (amps, abs (VS (3, :) /1000), 'r-.", 'LineWidth',2
title ('\bfSecondary Voltage Versus Load');
xlabel ('\bfLoad (2)'):

ylabel ('\bfSecondary Voltage (kv)'
legend('0.8 PF lagging','1.0 PF','0.8 PF leading');
grid on;

hold off;

L0);
L0);
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The resulting plot of secondary voltage versus load is shown below:

Secondary Voltage Versus Load
06

204 - 4

m e ———08 PFlagging |-
. —==10FF
ke — = 0.8 FF leading

Secondary Voltage (kV)

194

192

190

0 200 4000 BODD 6000 10000 12000 14000
Load (&)




image102.png
A 5000-kVA 230/13.8-kV single-phase power transformer has a per-unit resistance of 1 percent and a
per-unit reactance of 5 percent (data taken from the transformer's nameplatc). The open-circuit test
‘performed on the low-voltage side of the transformer yiclded the following data:

Voo =138V Ic=211A Py =908 kW
(@) Find the equivalent circuit referred to the low-voltage side of this transformer.
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(5) Ifthe voltage on the secondary side is 13.8 kV and the power supplied is 4000 kW at 0.8 PF lagging,
find the voltage regulation of the transformer. Find its efficiency.
SoLuTIoN

(a) The open-circuit test was performed on the low-voltage side of the transformer, so it can be used fo
direetly find the components of the exciation branch relative to the low-voltage side.

21.1A

13.8kV
90.8 kW

Voclor (BSWV)(2114)
¥ =G, — B, =0.001520£-71.83° S = 00004456 j0.0013577 S

=0.001529

[

1.83°

‘The base impedance of this transformer referred to the secondary side is

Vel _(33kV)
Spa 000 KVA

=38090

s0 Rgo =(0.01)(38.09 Q) =038 Q and X, =(0.05)(38.09 Q) =19 Q. The resulting equivalent circuit
is shown below:
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Example 2.32
In a 25 KVA, 2000/200 V power transformer the iron and full load copper losses are 350 W and
400 W, respectively. Caleulate the efficiency at unity power factor at (i) full load and (ii) half load.

Solution:
x kVA X 1000 X cos¢

b X KVAX 1000 X cos + P, +x* P,
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a a

-0
0380
22440

o
R,

qs
R,

() If the load on the secondary side of the transformer is 4000 kW at 0.8 PF lagging and the secondary

voltage is 13.8 kV. the secondary current is

_ Row __ 4000 kW
V., PF (13.8kV)(0.8)

3623£-3687° A

a =3623A

1

‘The voltage on the primary side of the transformer (seferred to the secondary side) is

Vp =Vi+1Zyg
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V, =13.800£0° V+(362.3£-36.87° A)(0.38+ j19 Q) =14,330.41.9° V

There is a voltage drop of 14 V under these load conditions. Therefore the voltage regulation of the

transformer is
_14.330-13.800
T 13800

*100% =3.84%

‘The transformer copper losses and core losses are

Poy =13 Regs =(362.3 A) (038 Q) =49.9 kW

(V,']2 _(4330v)

B=t =) _g15kw
R 240
Therefore the efficiency of this transformer at these conditions is
Foor 4000 KW

6.6%

00% -
Poox + P + P 4000kW + 499 kW + 915 kW
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210

A three-phase transformer bank is to handle 500 kVA and have a 34.5/11-kV voltage ratio. Find the
rating of each individual transformer in the bank (high voltage. low voltage, furns ratio, and apparent
‘power) if the transformer bank is connected to (a) Y-Y. (5) Y-A, (¢) A-Y. (d) A-A. (e) open-A, () open-
Y—open-A.

SOLUTION For the first four connections, the apparent power rating of each transformer is 1/3 of the total
apparent power rating of the three-phase transformer. For the open-A and open-Y—open-A connections,
the apparent power rating is a bit more complicated. The 500 kVA must be 86.6% of the total apparent
‘power rating of the fwo transformers, so 250 kVA must be 86.6% of the apparent power rating of a single
transformer. Therefore, the apparent power rating of each transformer must be 288 kVA.

‘The satings for each transformer in the bank for each connection are given below:
Connection __Primary Voltage Secondary Voltage _Apparent Power

YY 199KV 635KV 167 KVA

YA 199KV 110KV 167kVA

AY 345KV 635KV 167kVA

A 345KV 110KV 167kVA
open-A 345KV 110KV 288 kVA
_open-Y—open-A 199KV 110KV 288 kVA

Note: The open-Y—open-A answer assumes that the Y is on the high-voltage side: if the Y is on the low-
voltage side, the tums ratio would be 4.33:1, and the apparent power rating would be unchanged.
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211

A 100-MVA 230/115KV A-Y three-phase power transformer has a per-unit resistance of 0.015 pu and a
‘per-unit reactance of 0.06 pu. The excitation branch elements are R, =100 pu and X,, =20 pu

(a) If this transformer supplies a load of 80 MVA at 0.8 PF lagging, draw the phasor diagram of one
phase of the transformer.

(5)  What s the voltage regulation of the transformer bank under these conditions?

(c) Sketch the equivalent circuit referred to the low-voltage side of one phase of this transformer.
Calculate all the transformer impedances referred fo the low-voltage side.

(d) Determine the losses in the transformer and the efficiency of the transformer under the conditions of
part (b).




image108.png
SoLuTIoN

(a) The transformer supplics a load of 80 MVA at 0.8 PF lagging. Therefore, the secondary line current
of the transformer is

S _ 80,000,000 VA

Va7, B(115.000 V)

The base apparent power is S, =100 MVA . and the base line voltage on the secondary side is
Ty e =115 KV, s0 the base value of the secondary line current is

Lisoe = S
e s e
so the per-unit secondary current is

I I, _402A
BP Lo S02A

1

02 A

100,000,000 VA _
V3(115.000V)

502 A

Zcos™(0.8)=082-3687°

‘The per-unit phasor diagram is shown below.
03941.7°

1=082-36.87°
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() The per-unit primary voltage of this transformer is
Vi = Vo +1 Zeg =1.020°+(0.82-36.87°)(0.015+ j0.06) =1.039£1.7°
and the voltage regulation is

VR =189710, 1000, -3 906

(c) The secondary side of this transfer is Y-connected, so the base phase voltage of the low voliage
(secondary) side of this transformer is:
yo Vs 115KV

G

‘The base impedance of the transformer referred to the low-voltage side is:

=664 kV

3V _3(664KV)°

= =1330
100 MVA

o =g

Each per-unit impedance is converted to actual ohms referred to the low-voltage side by multiplying it by
this base impedance. The resulting equivalent circuit is shown below:




image110.png
al, Req, Xeq,
b e T
2. 7.9
a) iulmoon ETS
133k0 § /2.6 kO v,

Regs =(0.015)(1330)=2.00 @
Xps =(006)(1330)=798 0
R, =(100)(133 Q) =133 kQ
X, =(20)(133Q) =266 kQ
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(d) The per-unit losses in the series resistance are
Pry=I*Ryy =(0.8)' (0.015)=0.0096 pu
and the actual losses in the series resistance are:
Prp = SyePrgu =(0.0096 pu)(100 MVA) = 0.96 MW
‘The per-unit losses in the excitation branch are:

?(1039)°
B 0 _(L09)

—o00108
= R 100 o

and the actual losses in the excitation branch are:
Pey = SypePer . =(0.0108 pu)(100 MVA) =1.08 MW

‘The per-unit power supplied o the load

80 MW

¥ _o0s0
100 MVA »

Paste

‘Therefore, the transformer’s efficiency is

0.80

b= x100%=97.5%
0.80+0.0096+0.0108





image112.png
212, Three 20-kVA 24.000/277-V distribution transformers are connected in A-Y. The open-circuit test was
‘performed on the low-voltage side of this transformer bank, and the following data were recorded:

Vipeoe =480V I oc =4.10A B oc =945 W
The short-circuit test was performed on the high-voltage side of this transformer bank. and the following
data were recorded:

Ve =1400V I, =180A By =912 W

(a) Find the per-unit equivalent circuit of this transformer bank.
(5) Find the voltage regulation of this transformer bank at the rated load and 0.90 PF lagging.
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(c) What s the transformer bank’s efficiency under these conditions?

SOLUTION (@) The equivalent of this three-phase transformer bank can be found just like the equivalent
circuit of a single-phase transformer if we work on a per-phase bases. The open-circuit fest data on the
low-voltage side can be used to find the excifation branch impedances referred to the secondary side of
the transformer bank. Since the low-voltage side of the transformer is Y-connected, the per-phase open-
circuit measurements are:

Ve =211V I =410A B =315W

‘The excitation admittance is given by

Ve =0.01480 S

Vioe 277V
The admittance angle is

35w )

({@rvEna) =

oe = G — By = 0.014832 ~ 73.9° = 000410~ j0.01422
Ro=1/G,=2440Q
X, =1/B,=7030
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where,

350 W; P, =400 W

() Atfull-load
. 1% 25 1000 x 1 o
- 1= TS X 1000 x 1+ 350 + [ T 400 < 100 = 7087 % (Ans)
@) Athalfload;  x=05
- n 0525 x 1000 x| X100 = 96:525 % (Ans)

05 25X 1000 x 1 +350 + (05)° x 400
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‘The base impedance for a single transformer referred to the low-voltage side is

2 2
v,
z, A EAY =38360
Sime  20KVA

so the excitation branch elements can be expressed in per-unit as

210 7030
R.= =63.6pu Xy =
38360 Y738360

‘The short-circui test data taken in the high-voltage side can be used to find the series impedances referred
to the high-voltage side. Note that the high-voltage is A-connected, so

=183pu

Voo =Vise =1400 V. Lo =L, /\3=1039 A.and B =B /3=304 W

1400V
039A

fmcost| Test | ot MW} 4550
Vs Lse (1400 V)(1.039 A)

Zogs =Rygs+ Xsp, =1347277.9°=282+ /1317 Q

=1347 0

‘The base impedance referred to the high-voltage side is

(Fas)_ (24000v)
Bonr =, B KVA

3
‘The sesulting per-unit impedances are

=23.0400Q
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2820 _Buo

- =00122 X, =0.0572
#3000 " 273000 w

‘The per-unit, per-phase equivalent circuit of the transformer bank is shown below:

Ip Is
—_— Rea Kea —>

- AW Yy .
0.0122 0.0572 +

Ve Re3 X Vs
63.6 183

(8) If this transformer is operating at rated load and 0.90 PF lagging. then current flow will be at an
angle of —cos™(0.9). or—25.8. The per-unit voltage at the primary side of the transformer will be

A
‘The voltage regulation of this transformer bank is

W:%n«m:ax%

Vy +1,Z., =1.0£0°+(1.0£~25.8°)(0.0125 + j0.0588) =1.038.£2.62°
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(c) The output power of this transformer bank is
PByp =V,I; cos 6=(1.0)(1.0)(0.9) =09 pu
‘The copper losses are
Py =I Ry =(10)° (0.0122)=00122 pu
‘The core losses are

(1.038)°
63.6

0.0169 pu

Therefore., the total input power to the transformer bank is
Py = Py + Py + Py =0.9+0.0122+0.0169 = 0.929
and the efficiency of the transformer bank is
09

=221, 100% =
B, 0929

%x100% =96.9%
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213, A 14.400/480-V three-phase Y-A-connected transformer bank consists of three identical 100-kVA
8314/480-V transformers. It is supplied with power directly from a large constant-voltage bus. In the
short-circuit test, the recorded values on the high-voltage side for one of these transformers are
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(@

®)

(c)

(d)

(e)

V, =510V Lo =126A B, =3000 W

If this bank delivers a rated load at 0.8 PF lagging and rated voltage, what is the line-to-line voltage
on the primary of the transformer bank?

What is the voltage regulation under these conditions?

Assume that the primary phase voltage of this transformer is a constant 8314 V. and plot the
secondary voltage as a function of load current for currents from no-load to full-load. Repeat this
process for power factors of 0.8 lagging. 1.0. and 0.8 leading.

Plot the voltage regulation of this transformer as a function of load current for currents from no-load
to full-load. Repeat this process for power factors of 0.8 lagging. 1.0, and 0.8 leading.

Sketch the per-unit equivalent circuit of this transformer.
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SOLUTION From the short-cicuit information, i is possible to determine the per-phase impedance of the
transformer bank referred fo the high-voltage (primary) side. Note that the short-circuit information is
‘given for one transformer of the three in the bank. The voltage across this transformer is

Ve =510V
the short-ciscuit phase current is
L =126A
and the power per phase is
P, =3000 W
‘Thus the per-phase impedance is
|Zeq | =|Req + g %:40489
ot B _ o1 3000W .,

Vel (GIOV)(1264)

Zyq = Req + iXgg =4048262.1° Q<1894+ 3577 Q
R =18940

Xe=35770
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(a) 1If this Y-A transformer bank delivers rated KVA (300 KVA) at 0.8 power factor lagging while the
secondary voltage is at rated value, then cach transformer delivers 100 kVA at a voltage of 480 V and 0.8
PF lagging. Referred to the primary side of one of the transformers, the load on cach transformer is
equivalent to 100 kVA at 8314 V and 0.8 PF lagging. The equivalent current flowing in the secondary of
one transformer referred to the primary side is

00 KVA
8314V

=1203A

1, =12032-3687° A
‘The voltage on the primary side of a single transformer is thus

Ver=Vos +Li5Zeqr
» =841320° V+(12.03£-36.87° A)(18.94+ j35.77 Q) =8856.£134° V.

‘The line-to-line voltage on the primary of the transformer is
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Vs =3 7,5 =/3(8856 V) =15.34 kV

() The voltage regulation of the transformer is

VR =38308314 500, = 6520

(c) The base values of this transformer bank on the primary side are
Sy =300 KVA
Vigse =Vorwe =144 VA
fo S B0KVA
o Ve V3(144KV)
L :%:%:7 1A

This sort of repetitive operation is best performed with MATLAB. Note that in this case, the problem is
specifying a fixed primary phase voltage of 8314 V, and asking what the secondary voltage will be as a
function of load. Therefore, we must subiract the voltage drop inside the transformer at each load, and
convert the resulting voltage from the primary side to the secondary (low voltage) side.

=1203A
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A suitable MATLAB program is shown below:

M-file: prob2_l13c.m

M-file to calculate and plot the secondary voltage

of a three-phase Y-delta transformer bank as a

function of load for power factors of 0.85 lagging,

1.0, and 0.85 leading. These calculations are done
using an equivalent circuit referred to the primary side.

o op oP o

.

Define values for this transformer

VL = 14400; Primary line voltage (V)
VPP = VL / sqrt(3); Primary phase voltage (V)
amps = 0:0.01203:12.03; Phase current values (&)
Reg = 18.94; Equivalent R (ohms)

Xeq = 35.77; Equivalent X (ohms)

@0 a0 i

% Calculate the current values for the three

% power factors. The first row of I contains

% the lagging currents, the second row contains
% the unity currents, and the third row contains
% the leading currents.

re = 0.85;

im = sin(acos(re));

I = zeros(3,length(amps));

I(1,:) = amps .5 ( re - 3*im)
12, amps .+ (1.0 )
I(3,:) = amps .* ( re + j*im)

i % Lagging
i % Unity
i % Leading

% Calculate secondary phase voltage referred
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% to the primary side for each current and
% power factor.
avVSP = VPP - (Req.*I + j.*Xeq.*I);

Refer the secondary phase voltages back to
the secondary side using the turns ratio.
Because this is a delta-connected secondary,
this is also the line voltage.

VSP = avsP * (480/8314);

w0 o

% Plot the secondary voltage versus load
plot (amps, abs (VSP (1, :)), 'b=", 'LineWidth',2.0);
hold on;

plot (amps, abs (VSP(2, 1)), 'k-=", 'LineWidth', 2.0
plot (amps, abs (VSP(3,:)), 'r-.", 'LineWidth', 2.0
title ('\bfSecondary Voltage Versus Load');
xlabel ('\bfLoad (2)'):

ylabel ('\bfSecondary Voltage (V)');
legend('0.85 PF lagging','1.0 PF','0.85 PF leading'
grid on;

hold off;
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Example 2.33

A220/400 V. 10KVA, SOH= single-phase transformer has copper loss of 10 W at full load. If it has
an efficiency of 98% at full load, unity power factor, determine the iron losses. What would be the
efficiency of the transformer at half full-load at 0.8 p f. lagging.

XKVAX1000xcosd o0

T XRVAX 100 xcoso + P, + X°P.
110 x 1000 x 1 _
8= IR0 X 1+ R e 55 %100 or P,= 8408 W (Ans)
when x = 1/2 and cos §=0-8;
n 05X10x1000x08__ %100 29723 % (Ans)
05X 10X 1000 x 08 + 8408 + (0:5)° x 120
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The resulting plot is shown below:
Secondary Voltage Versus Load

485

N e vse

——(0.85 PF lagging
e —=—=10FF

§A75 ' 0.85 PF leading
S am
3
8 485
é

460

455 ;

(] 2 T & : - M

Load (&)
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(d) This sort of repetitive operation is best performed with MATLAB. A suitable MATLAB program is
shown below:

M-file: prob2_13d.m

M-file to calculate and plot the voltage regulation

of a three-phase Y-delta transformer bank as a

function of load for power factors of 0.85 lagging,

1.0, and 0.85 leading. These calculations are done
using an equivalent circuit referred to the primary side.

a0 o o de dn
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% Define values for this transformer
VL = 14400; Primary line voltage (V)
VPP = VL / sqrt(3); Primary phase voltage (V)
amps = 0:0.01203:12.03; Phase current values (&)
Reg = 18.94 Equivalent R (ohms)
Xeq = 35.77; Equivalent X (ohms)

@

0

Calculate the current values for the three
power factors. The first row of I contains
the lagging currents, the second row contains
the unity currents, and the third row contains
the leading currents.

= 0.85;

im = sin(acos(re));

I = zeros(3,length(amps)):

H o a o o o
o

I(1,:) = amps .* ( re - j*im); % Lagging
1(2,:) = amps .* (1.0 )i % Unity
I(3,:) = amps .* ( re + j*im); % Leading

% Calculate secondary phase voltage referred
% to the primary side for each current and
% power factor.

aVSP = VPP - (Req.*I + j.*Xeq.*I);

% Calculate the voltage regulation.
VR = (VPP - abs(aVsSP)) ./ abs(aVSP) .* 100;
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% Plot the voltage regulation versus load
plot (amps, VR(L, :), 'b=", 'LineWidth',2.0) ;
hold on;

plot (amps,VR(2, :), 'k-=", 'LineWidth',2.0);
plot (amps,VR(3, :), 'r-.", 'LineWidth',2.0);
title ('\bfvoltage Regulation Versus Load');
xlabel ('\bfLoad (2)'):

ylabel ('\bfvoltage Regulation (%)');
legend('0.85 PF lagging','l.0 PF','0.85 BF leading');
grid on;

hold off;
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The resulting plot is shown below:

Voltage Regulation (%)

Voltage Regulation Versus Load

——0.85 PF lagging
—10FF
——-0.85 PF leading

0 2 4 6 ] 10 12

Load (&)

14
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(e)  The base phase voltage on the primary side is given by:
Vg = 14KV
NG

‘The base impedance on the primary side is given by

?

=8314kV

V.

so.m

‘The per-phase impedance on the primary side is
Ry =18940Q

Xep=3577Q

(8314kv)
300kVA

=2300

o

‘The per-unit impedance is
Ry 18940

=0.082 pu

Regm =
=7, 2300
35770

0.156 pu
e 2300

‘The excifation branch information was not given for the transformer, so the per-unit, per-phase equivalent
circuit of the transformer bank is shown below.
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214, A 138kV single-phase generator supplies power fo a load through a transmission line. The load’s
impedance is Z,; =50023687° Q. and the transmission line’s impedance is Zy,, = 60260°Q).

V.- 1BSLTRY 500236570

-]

@

0600

V=182 kY i

Qo1 soozsssra

®

FIGURE P2-3
Cireuits for Problen 2 14: () without teansfommers and () with ransformers.
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(@

(d

If the generator is directly connected to the load (Figure P2-3a). what is the satio of the load voltage
to the generated voliage? What are the transmission losses of the system?

What percentage of the power supplied by the source reached the load (what is the efficiency of the
transmission system)?

Ifa 1:10 step-up transformer is placed at the output of the generator and a 10:1 transformer is placed
at the load end of the transmission line, what is the new ratio of the load voltage o the gencrated
voltage? What are the transmission losses of the system now? (Nore: The transformers may be
assumed to be ideal.)

What percentage of the power supplied by the source reached the load now?
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() Compare the efficiencies of the transmission system with and without transformers
SOLUTION
(a) Inthe case of the directly-connected load, the line current is

Lol B8RV e 30304
60260° Q) +50036.87° Q

‘The load voltage is

Vit =LaZioss =(24.83£-39.3° A)(500£36.87° Q) =12.42£ - 2.43° kV.
‘The resistance in the load is

Ry =|Z | c0s6 = 500c05(60°) = 250 O
‘The power supplied to the load is

By =i Rews =(24.83 A) (250 Q) =154 kW

‘The ratio of the load voltage to the generated voltage is 12.42/13.8 = 0.900. The resistance in the
transmission line is

Ry, =|Z,.|cos6=60cos(60°) =30 Q
50 the transmission losses in the system are

By, =L Ry, =(2483A) (30 Q) =185 kW
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Example 2.34

A 1000KVA, 110/220 volt, 50 He single phase transformer has an efficiency of 98.5% at half load and
0.8 power factor leading. Whereas its efficiency at full load unity power factor is 98.9%. Determine

(i) iron loss (i) Full load copper loss.

Here, Rating of transformer = 1000 KVA
xkVA X 1000 X
xkVA X 1000 X p.f. + P, + x°P.

(i) Where % 1, ;= 98.5; x = 0.5; p.f. = 0.8 leading

We know, %n, X100

0.5 %1000 X 1000 x 0.8

or 085 = 400 x 10°
4x10° + P, +025P,
o P+025P, = 6100
(i) When % 1,=98.8; x= 1; pf.= 1

11000 X 1000 x 1 x 100

OB = 11000 1000 % 1+ + .

7051000 x 1000 x 0.8 + P, +(0.5)°P,

i)
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() The efficiency of this power system is

p=Be 1000 = P qo0m=— 1KV 000, g0 30,
B, Py +R,. 154 kW +18.5 kW

() In this case, a 1:10 step-up transformer precedes the transmission line and a 10:1 step-down
transformer follows the transmission line. If the transformers are removed by referring the transmission
Line to the voltage levels found on either end, then the impedance of the transmission line becomes

. .
. 1 1
Zie =| — | Zipe =| — | (60£60° Q)=0.60260° Q
() (5] ¢ )

The current in the referred transmission line and in the load becomes

' 13.820°kV

s = =02757/-369°A
0.60£60° QO +500£36.87° Q

‘The load voltage is

Vit =LoaZioes =(27.57£-36.9° A)(500£36.87° Q) =13.785£-0.03° kV.
‘The resistance in the load is

Ry =|Z,s|c0s6 = 500c05(60°) =250 ©
‘The power supplied to the load is

By =L R =(27.57 A)’ (250 Q) =190 kW

‘The ratio of the load voltage to the generated voltage is 13.785/13.8 = 0.9989. Also, the transmission
losses in the system are reduced. The current in the transmission line is.
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I :(%)1,_, :(%)(27,57 A)=2757A
and the losses in the transmission line are

B, =I. R, =(275T A) (30 Q)=228 W
(d) The efficiency of this power system is

190 kW

= %100% =99.9%
190 kW +0.228 kW

B P,

7="2x100% =—"—x100%
B P+ B

(¢)  Transmission losses have decreased by a factor of more than 80 when the transformers were added

to the system.
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220,

A 50-KVA_20,000/480-V 60-Hz single-phase distribution transformer is tested with the following results:

(@
®)

©
@

(@

o

‘Open-circuit test ‘Short-circuit test
(measured from secondary side) __(measured from primary side)
Voc=480V 130V

Ioc=41A 30A

Poc=620 W S0 W

Find the per-unit equivalent circuit for this transformer at 60 Hz.

What is the efficiency of the transformer at sated conditions and unity power factor? What is the
voltage regulation at those conditions?

‘What would the ratings of this transformer be if it were operated on a 50-Hz power system?

Sketch the equivalent circuit of this transformer referred to the primary side if it is operating at 50
Hz.

What is the efficiency of the transformer at rated conditions on a 50 Hz power system, with unity
‘power factor? What is the volfage regulation at those condifions?

How does the efficiency of a transformer at rated conditions and 60 Hz compare to the same
physical device running a 50 Hz?

SoLuTion

@

‘The base impedance of this transformer referred fo the primary side is
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‘The base impedance of this transformer referred to the secondary side is

2 (4s0v)
P=Ts T s0kvA
‘The open cicuit test yields the values for the excitation branch (referred to the secondary side):

-46080

Lo 4104

Vooe 480V

B, 620 W
e e [ s
Yer =G, — jB,, =0.00854£-71.6°=0.00270 - j0.00810
R.=1/G.=3700
X, =1/B,=123Q

The excitation branch clements can be expressed in per-unit as

00854 S

[Tl

6

300 1230
- —503 - -
Teosn P Tu=Tema 0T
‘The short circuit test yields the values for the series impedances (referred to the primary side):

Vi 1130V _
I 1304

6=cos™ —cos| —30W | 6500
Vel (1130V)(1304)

+ X5, =869£68° =326+ /806 O

869

2
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The resuling per-unit impedances are
3260 806 Q

- —0041 x, -0.101
#5000 e = ) »
The per-unit equivalent circuit is
lp Is
— Rea  jXeo —>=
— W
+ 0041 p101 +
Ve Re X Vs
803 267
-_—l 3
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() The per-unit primary voltage at rated conditions and unity power factor is
Vo=V +LZg,
Vp=1£0°V+(1£0°)(0.041+ j0.101 Q) =1.046.£5.54° pu.

‘The per-unit power consumed by Ry is
2
By =R =(1pu)’(0.041pu)=0041 pu
‘The per-unit power consumed by c is

046)*
3

=00136 pu

Therefore the efficiency of this transformer at rated load and unity power factor is

n=Loe 00— Fe i00% 100 x100% = 94.8%
2, PutBot 1.00+0.041+00136
and the voltage regulation is
_LO46-L00 g0 —a.6%
100

() The voltage and apparent power ratings of this transformer nust be reduced in direct proportion to
the decrease in frequency in order to avoid flux saturation effects in the core. At 50 Hz, the rafings are

50Hz
St =2 (50 KVA) =417 kVA
T )

50Hz
Vi et =2 (20,000 V) =16.667 KV
s = 2B (20,000 v)

iﬂz(fmo V)=400V
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(@ The transformer parameters refesred to the primary side ar 60 Hz are:
=(8k0)(803) =642 kO

8k0)(26.7)=214kQ

2 =(8KkQ)(0.041)=32800

Koo = Zinaa Xpp = (8k02)(0.101) =808

At 50 Hz, the tesistance will be unaffected but the reactances are reduced in direct proportion to the
decrease in frequency. At 50 Hz, the reactances are

S0Hz
Xy = 214k0)=178kQ
“ (60[{1)( )

50 Hz
Xgo = 808 Q)=673Q
= (60!—&)( )-
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‘The resulting equivalent circuit referred to the primary at 50 Hz is shown below:
Ip Is

— Rea Xea —»

—W—rr—e

+ 3287 13?7+
Ve Re X Vs
642k? 178 k?

e ——
(¢)  The base impedance of this transformer ar 50 H referred to the primary side is
L, _m) _Gsesrvy
TS alTkvA
‘The base impedance of this transformer ar 50 Hz referred to the secondary side is

6.66 k0

L)ooy
T=TTS TaTRA
‘The excitation branch elements can be expressed in per-unit as

642 kO 178 kO
=964 Xy =
Goskn P ¥ 566k

870

Re=

=267pu
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‘The series impedances can be expressed in per-unit as

280 30
- —00492 X, =82
% 566k e %756k

‘The per-unit primary voltage at rated conditions and unity power factor is
Vi +1iZeg
=1£0° V +(1£0°)(0.0492 + j0.101 Q) =1.054£5 49° pu

=0101pu

‘The per-unit power consumed by Ry is
Bq=I'R =(1pu)’ (0.0492 pu) = 0.0492 pu
‘The per-unit power consumed by &, is

: (Los4)
PR ) NP,
R 964
Therefore the efficiency of this transformer at rated load and uniy power factor is
n=To 1009 =—Fm —100% 100 x100%=94.3%

B B +Boy+P 71.00+0.0492+0.0115
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and the volfage segulation is

_1.054-1.00
T 100
() The efficiency of the transformer at 50 Hz is almost the same as the efficiency at 60 Hz (just slightly

Iess). but the total apparent power rating of the transformer at 50 Hz must be less than the apparent power
sating at 60 Hz by the ratio 50/60. In other words, the efficiencies are similar, but the power handling

capability is reduced.

x100% =5.4%




image9.png
or 10x10° 4+ P+ p, = 10XI0 X100 _1g 15408
P 988
or P+ P, = 12100
Sublracting cq. (i) from (i), we get
075 P, = 6000
or P, = 8000 W (Ans)
From eq. (i), we get. P, = 12100 — 8000 = 4100 W (Ans)

<olii)
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EXAMPLE 2.5

A 50 kVA, 2400/240 V transformer has a core loss P, =200 W at rated voltage and a copper loss
Pew=500 W at full load. It has the following load cycle:

% Load 0.0%  50% 75% 100% 110%
Power factor 1 08lag  09lag 1
Hours 6 6 6 3 3

Determine the all-day efficiency of the transformer.
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Solution

Energy output over 24 hours = 0.5X 50 X 6 +0.75X 50 X 0.8
X6+1%X50X0.9%3+1.1x50x 1
X3kWh

630 kWh

Energy losses over 24 hours:

Core loss = 02%24=4.8 kWh
Copper loss = 0.5 X0.5X6+0.75* X 0.5X 6
+12X05X3+112X05%3
5.76 kWh
Total energy loss = 4.8 +5.76 = 10.56 kWh

630
= 830+10.56

o X 100%=9835% ®
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Example 1.3

A 500 kVA single-phase transformer is designed to have a resistance of 1% with
its maximum efficiency occurring at 250 kVA load. Find the efficiency of the
transformer when it is supplying a full load at 0.8 lagging power factor.

Solution:
The percentage resistance is given as

Load loss at full load %
Base VA

%R= 100

.. Load loss at full load = ﬁ[s()()x 10]]: 5000 W.

Now from Equation 1.72, for the same terminal voltage,

I 250 _

Ty 500 V5000

.. P, =No-load loss= 1250 W.
Total loss at full load = 1250 + 5000 = 6250 W.

Efficiency at full load and 0.8 power factor =

output power 1 __S00X08 155 _og 505

output power + losses 500%0.8+6.25
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EXAMPLE 331 For the transformer of Example 3.7 calculate the efficiency if the LV side is loaded fully
at 0.8 power fuctor: What is the maximum efficiency of the transformer at this power factor and at what pu
load would it be achieved?

SOLUTION
Power output = V31, cos 6,
=200 100 x 0.8 = 16000 W (independent of lag/lead)
Total loss Py, = P; + k*P,
=120+ 1% 300 =420 W

For maximum efficiency

N 2x120
16000 0,632 +2x120
=97.68%
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EXAMPLE 3.12 4 500 kVA transformer has an efficiency of 95% at full load and also at 60% of full
load; both at upf .

(a) Separate out the losses of the transformer:
(b) Determine the efficiency of the transformer at 3/4th full load.

SOLUTION

(@) @
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500% 0.6

Also —————— 095
500% 0.6+ B +(0.6)°P.
Solving Eqs (i) and (ii) we get
P, =98TkW
P, =1645kW

(b) At3/ath full load upf
500x0.75

5.14%

500 0.75+9.87 +(0.75)* x 16.45

(ii)
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EXAMPLE3.13 A transformer has its maximum efficiency of 0.98 at 15 kVA at upf: Compare its all-day
efficiencies for the following load cycles:

(a) Full load of 20 kVA 12 hours/day and no-load rest of the day.

(b) Full load 4 hours/day and 0.4 full-load rest of the day.
Assume the load to operate on upf all day.




image151.png
SOLUTION

Now

(@) P

(®) P

Ll 0.98 = L
T = BoR o RANEET
P,=0.153kW
2
0.153
e-f or 15y _ 018
P 20 F
P.=0272kW
Time, h Wy Pu=Py+ P+ P,
12 240 20+0.153+0272=20425
12 0 0+0.153=0.153
240 kWh
W 240
= v 7.2%
Melley = Ty " 269
Time, h Wy Pu=Py+ P+ P,
4 80 20+0.153+0272=20425
2
240 kWh

240
2456

Ty = =97.7%

Win
245.1

18
246.9kWh

Win
817

163.9
245.6kWh
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EXAMPLE3.14 Consider the transformer with data given in Example 3.7.
(a) With full-load on the LV side at rated voltage, calculate the excitation voltage on the HV side. The
load power factor is (i) 0.8 lagging, (ii) 0.8 leading. What s the voltage regulation of the transformer
in each case?
(b) The transformer supplies full-load current at 0.8 lagging power factor with 2000 V on the HY side.
Find the voltage at the load terminals and the operating efficiency.
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SOLUTION

(a) The HV side equivalent circuit of Fig. 3.26(a) will be used.

_ 2001000 _ o0
200

Vi=2000V,  I;=10A
Now Vig = Vi + I, Ry cos 6+ Xpysin 6);

V=200V, I

[0) cos ¢ = 0.8 lagging, sin 9= 0.6
Vi =2000+ 103 0.8 + 5.2 0.6) = 20552 V

2055222000
Volt lation = ——————— x 100 = 2.76%
tage regulation 00

(i) cos ¢ = 0.8 leading, sin 6= 0.6
Vi =2000+ 10 (3% 0.8 - 5.2% 0.6) = 19928V

L 1992.8-2000
Voltage regulation = ——— =2 x 100 = -0.36%
e e 2000

(b) Iy(full-load)= 100 A, 0.8 lagging pf
VL= Vi~ 11 (Rycos ¢ + Xy sin ¢)
=2000 - 10(3x 0.8+ 5.2 0.6) = 10448V
or ¥, = 19448V
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Example 2.35
A single-phase 400 KVA transformer has an efficiency of 99.13% at half load unity pf whereas it
efficiency is 98.77% at full-load 0.8 pf lagging. (i) the iron loss (i) the full load copper loss.

Solution:
Efficiency of a transformer at any fraction x of the load;
X kVA cos ¢
TkVACosg + P, + x

9877 %;

x100

1400 x 08
Tx400x08+ B, + (1) .

3985 kW )

9877 =

x100

05x400x1
05x400% 1x P, + (05)° P,

or P,+025P, = 1755 kW <olii)

x100

Subtracting eq. (i) from (i), we get,
075 P, = 223 kW or P, = 2973 kW (Ans)

and P, = 39852973 = 1-012 KW (Ans)
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Efficiency

Output, Py = V1 cos §
19448 % 100 X 0.8 = 15558.4 W
Pross =Pi+Pe

P=120W (Ex.3.7)

P, =(107x3=300W
Pross =420 W
P p— YA
155584420

Example 3.14 is solved by writing the following MATLAB code.
cle

clear

0+1000;

v1=200;
v2=2000;
I11=5/V1;
12=5/V2;
Ri=3;
Xii=5.2;
Cosine-ph
Sin-phi=0.6;
VH=V2+12* (RH*cos ine-phi+XH*sin-phi)
Vreg= (VH-V2) *100/v2
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4% case?
VH=V2+12* (RH*cos ine-phi-Xii*sin-phi)
Vreg= (VH-V2) *100/v2

11-100;

V11=V2-12* (RH*cosine-phi+XH*sin-phi) ;
V1=v11/10

Ploss=120+10%10%3;
Pop=V1*Il*cosine-phi;

eff=(1-(Ploss/ (Ploss+Pop) )) ¥100

Answer:
VH = 2.0552¢+003

eff = 973715
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3.3.1 Example
Let us now use this equivalent circuit to solve a problem. Assume that the transformer has a
turns ratio of 4000/120, with Ri wag = 1.6, Ra.wdg = 1.44m€, Liy = 21mH, Lz = 19uH,
R. = 160k, L,, = 450H. assume that the voltage at the low voltage side is 60Hz, V5 = 120V,
and the power there is Py = 20kW, at pf = 0.85 lagging. Calculate the voltage at the high voltage
side and the efficiency of the transformer.

Xn = Lum = 2760 = 169.7kQ
X, =7.920
X, =7.16mQ
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Fig. 3.9 Equivalent circuit for a real transformer
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From the power the load:

Ta = P /(Vipf) =" = 106.1336° 15" 4
By = Vo + Iy (Ruggz + jX12) = 120.98 + j1.045V

B = (N‘) E, = 4032.7 + j34.83V
Na

T = (N’) I, = 5.001 — j3.1017A

Ni
Lo =Es (% + p%) =0.0254 — j0.0236A

T =1y + 1) = 5.0255 — j3.1254
Vi = By + Iy (Rudg +jX11) = 4065.5 + j69.2V = 4066°9"V
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The power losses are concentrated in the windings and core:

Pudg = I3Rudg2 = 196.13% - 1.44 - 107 = 55.30W
Pudgy = I3 Ryig = 5.918% - 1.6 = 65.3TW
Peore = B} /Re = 4032.87 /(160 - 10°) = 101.64W
Pioss = Pudg1 + Pudg + Peore = 213.08W

N 20kW
1= Pur ~ ot + Prons) 20K 1 213081

= 0.9895
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3.4.1 Example
Let us now use these new equivalent circuits to solve the previous problem 3.3.1. We’ll use the circuit
in 3.10D. Firs let’s calculate the combined impedances:

N,
Rudg = Rudg1 + (Nl) Ruygg2 =320

Ny

=X
11+(N2

) X;2 = 15.8759Q

then, we solve the circuit:
I = Po)(Vy - pf) 4= = 106.13364 15" 4
Ey=V,

=1- (x}) =5+3.1024

B =E- (&) = 4000V

Lo =By (% + ]XL) = 0.0258 — j0.02354

1, =TI, +1) = 5.0250 - j3.1254
Vi = By + 1 (Ryay + jX1) = 4065 + j69.45V = 406541"V
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Fig. 3.10 Simplified equivalent circuits of a transformer
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The power losses are concentrated in the windings and core:

Pogg = I{ Ryay = 110.79W
Peore = V/R. = 103.32W
Pioss = Pudg + Peore = 214.11W
Pout Pout 20kW.
1= B T (Pt o)~ 200 ¢ 2zttt — 08
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3.5.1 Example
A load has impedance 10 + j59 and is fed by a voltage of 100V.. Calculate the current and power

at the load.
Solution 1 the current will be
Vi _ 100 Y
Lo = 8.044-265T 4
Zr  10+5
and the power will be

Py =V, -pf =100-8.94 . cos(26.57) = SOOW
Solution 2 Let’s use the per unit system.

1. define a consistent system of values for base. Let us choose Vi, = 50V, I = 10A. This means
that Z, = Vy/I = 5, and P, = Vi, - I, = 500W, Q, = 500V Ar, S, = 500V A.

2. Convert everything to pu. Vi pu = V1./By = 2pu, Zr, pu = (10 +55) /5 = 2 + j1 pu.
3. solve in the pu system.

Vipa __2
Zipu  2+]1

Propu = Viyulppu - pf =2-0.804 - cos(26.57°) = 1.6 pu
4. Comvert back to the SI system

Tppu = = 0.8044-257 py
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Example 2.36

Ina 25 KVA. 1100/400 V, single phase transformer, the iron and copper losses at full load are 350

and 400 watts, respectively. Calculate the efficiency on unity power at half load. Determine the
load at which maximum efficiency occurs.

Solution:
Transformer rating = 25 KVA
Tron losses, P; = 350 W
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352 Example

A transformer is rated 30KV A, 4000V/120V, with Rydgy = 1.62, Rudgs = 144me, Liy =
20mH, Liy = 19uH, Re = 160k, Ly = 450H. The voltage at the low voltage side is 60H =,
Vi = 120V, and the power there is P, = 20kW, at pf = 0.85 lagging. Calculate the voltage at the
high voltage side and the efficiency of the transformer.

1. First calculate the impedances of the equivalent circuit:

Vi
S

Ty

1000V
30KV A

30.10°

A 754
Vi,

Vi _ 5330
Sy

120v

Sy = 30V A
Sap

72— 2504
Yo _ 30

Toy
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2. Convert everything to per unit: First the parameters:

Rudg1pu
Rudg2.pu

Xitpu
Xizpu

Repu

Then the load:

Papu

Rudg,1/Z1 = 0.003 pu
Rudg2/Zop = 0.003 pu

2060Ln _ 017,
Zu,

2m60Li _ 0.01149 pu
Zay
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3. Solve in the pu system. We’ll drop the pu symbol from the parameters and variables:

Larccos(nh)
L — ( P ) — 0.666 — j0.413pu

Va-pf
Vi = Vot T[Rudgr+ Rudga +3(Xu + Xip)] = 1.0172 + j0.0188pu
Vi, Vs ;
In = g+ g =0.0034 = j0.0031pu

L = L,+L=0.06701 — j0.416 pu
Pudg = I3 (Rudgs + Rewg.2) = 0.0037 pu

V2
Pue = Y 00034

R o

Py
- - 00804
T Pyt Pt Py

4. Convert back to SI. The efficiency, 1), is dimensionless, hence it stays the same. The voltage,
Viis
Vi = ViguVi = 406941V
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3.6.1 Example
A60H > transformer is rated 30kV A, 4000V/120V.. The open circuit test, performed with the high
voltage side open, gives P,. = 100W, I, = 1.1455A. The short circuit test, performed with the
low voltage side shorted, gives Puc = 180W, V.. = 120.79V . Calculate the equivalent circuit of
the transformer in per unit.
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First define bases:

Vi = 4000V

Su = 30kVA
30-10°

Iy = 4=

1 o =754
V3

Zi = S 5330

b Sip

Vo, = 120V

Su = Sy —30kVA
S

Iy = 2% 2504

* TV
v

Zy = 2 =0480
i

Convert now everything to per unit:

Pame = 22000
e = 3108 = 0-006ppu
120.79

Viepa =~ =0,
- g0 = -0324pu
100
Progs = -
e o107 = 0003333
11455
Locgu = —5z5— = 0.0046pu

250
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Let's calculate now, dropping the pu subscript:

Puc = IRyiy= Ruay = Puc/I2. =1 P.c = 0.006pu
Vel = [acl - [Ruag +3Xi| =1+ \/R2 4+ X = X = [V2 - R, = 0.0318pu

vz 12
Pu = = Re=pm=300pu
Voe . Vo 1 1 1
[Toc| = ‘ + X, @ 5 = X = = 318pu

Amore typical problem is of the type:
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3.62 Example
AG60H = transformer is rated 30kV A, 4000V/120V.. Its short circuit impedance is 0.0324pu and the
open circuit current is 0.0046pu. The rated iron losses are 100W and the rated winding losses are

180W. Calculate the eficiency and the necessary primary voliage when the load at the secondary
is at rated voltage, 20kW at 0.8pf lagging.
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Working in pu:
Zu =
P =

=X =

Foe = T F. 1030100

1
e = / mreEe / /135 o

Having finished with the transformer data, let us work with the load and circuit. The load power

is 20kW, hence:
20108

275010

.6667pu
but the power at the load is:
Py =Valpf = 0.6667=1-1,-0.8 = I, = 0.8333pu
Then to solve the circuit, we work with phasors. e use the voltage Vs as reference:
Va2 = Va=1pu
T, = 083334905705 — 06667 — j0.5pu

Vi = Vot Iy (Rugy+iXp) = 10199 + j0.00183pu = V, = 1.02pu
Pty = 13+ Rudg = 0.0062pu
P. = Vi/R.=0034pu
P
K e

Finally, we comvert the voltage fo ST
Vi = Vigu - Via = 1.021 - 4000 = 4080V
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EXAMPLE 4.3

A 23-KVA,2300/230-V, 60-Hz, step-down transformer has the following resistance
and leakage-reactance values: Ry= 4, R, = 0.04 0, X; = 120, and X,= 0.12Q.
The transformer is operating at 75% of its rated load. If the power factor of the
load is 0.866 leading, determine the efficiency of the transformer.
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® SOLUTION

Since the transformer is operating at 75% of its rated load, the effective value of
the secondary winding current is

Izz%x0.75=75A

Assuming the load voltage as a reference, the load current at a leading power
factor of 0.866, in phasor form, is

I, = 75/30° A
The secondary winding impedance is
Z, = Ry + jX, = 004 + j0.12Q
The induced emf in the secondary winding is
E, = V, + h,Z, = 230 + (75/30°)(0.04 + j0.12)

= 228287/233°V
Since the transformation ratio is
a= 200 _ 10

230
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Full load copper losses, P, = 400 W
Load power factor cos ¢ = 1

Fraction of the load x = 5= 05
Efficiency of transformer at any fraction of the load,
xxkVAx10® xcos¢

n, X100

XxkVAX10" xcosg + P, + X7 P,

_ 0.5x25x10% x 1
0.5x25% 10° x 1 +350 + (0.5)% x 400

Output kVA corresponding to maximum efficiency

% 100 = 96-52% (Ans)

"
[350
,RzmdeAVP 25%,/30

Output power or load on maximum efficiency.
= output kVA for max efficiency X p.f

= 23385 x 1 = 23385 KW (Ans)

=23385 kVA
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we can determine the induced emf and the current on the primary side as
E, = aE, = 2282.87/233°V

I =£—2=75@A

The primary winding impedance is
Z =R +jX, =4+j120Q

Hence, the source voltage must be

V, = E, + 1,2, = 228287/23% + (7.5/30°)(4 + j12)

= 2269.578/4.7° V

The power supplied to the load is

P, = Re[V,13] = Re[230 x 75/-30°] = 1493894 W
The power input is

P, = Re[V,]3] = Rel(2269.578/4.7°)(7.5/ - 30°))
= 15389.14 W
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The efficiency of the transformer is

4,938.94

—_ = 0 1%
5,389.14 0971, or 97.1%
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EXAMPLE 4.4

The equivalent core-loss resistance and the magnetizing reactance on the primary
side of the transformer discussed in Example 4.3 are 20 k(2 and 15 k{2, respectively.
If the transformer delivers the same load, what is its efficiency?

® SOLUTION

From Example 4.3, we have

v, =

p, =

230V
10
1493894 W

I, = 75/30° A
E, = 228287/233°V,

E

»

228.287/2.38° V
75/30° A
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The core-loss, magnetizing, and excitation currents are

i B _mmejasy

B, _ 2®287/233°
= = 0.152/~87.67° A
X j15000 152 870

I+ I, = 0.114/233° + 0152/ -87.67° = 0.19/-50.8° A

Thus,

75/30° + 0.19/—508° = 7.53/28.57° A
2282.87/2.3%° + (7.53/2857°)4 + f12)
= 22719/4.71° V
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The power input is

P,

in

= Re[V,I]] = 15,645.35 W
The efficiency of the transformer is

P, _ 1493894 _ N
N5 Trema T 0955 o 955%
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EXAMPLE 4.5
Analyze the transformer discussed in Examples 4.3 and 4.4 using the approximate
equivalent circuit as viewed from the primary side. Also sketch its phasor
diagram.

® SOLUTION

I

aV, = 10 x 230/0° = 2300/0° V
7.5/30° A

Ry = R, + @R, = 4 + (102)(0.04) = 80
Xo = X, + @X, = 12 + (103(0.12) = 24 ©

Zy =Ry +jX,=8+j240

I

Vi
IP

Thus, Vy = Vj + [,Z,, = 2300/0° + (7.5/30°)@® + j24) = 2269.59/4.7° V

The core-loss and magnetizing currents are

_ 26959/47° _ .
=SS - onafar A
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[, = BOSLT o101 gszea

" 715,000
Thus, I, =1, + I, + I,, = 7.5/30° + 0.113/4.7° + 0.151/~853"
= 7.54/286° A

Hence, the power output, the power input, and the efficiency are

P, = Rel(2300/0°)(7.5/=30°)] = 1493894 W
P,, = Rel(2269.59/4.7°)(7.54/ ~28.6°)] = 1564536 W

_ 1493894

= 22 %
1564536 0955 or  95.5%

mn

The corresponding phasor diagram is shown in Figure 4.18.

The reader is encouraged to compare the above results with those obtained
in Example 4.4 in order to have some awareness of the errors introduced as a
result of the approximations we have made.
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X =180V
4.7°

aVy=2300V  LRy=60V

Figure 4.18 The phasor diagram of a transformer discussed in Example 4.5.
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EXAMPLE 4.6

A 2.2KVA, 440/220-V, 50-Hz, step-down transformer has the following parame-
ters as referred to the primary side: R,, = 3 Q, X,, = 4@, R,y = 25k, and X,
= 2 k). The transformer is operating at full load with a power factor of 0.707
lagging. Determine the efficiency and the voltage regulation of the transformer.

® SOLUTION
From the given data,

40 . 2200
=2 Va=20V S=200VA I =7T.5=10A

a=

For a lagging power factor of 0707, 8 = —45°

Using load voltage as a reference, I, = 10/ ~45° A.
Referring to the equivalent circuit, Figure 4.16, we have

=2 5/-45° A
V3 = aV, = 440/0°V
Thus,  Vy = Vj 4+ [Ra + jXa) = 40 + (5/=45°)(3 + j4)

= 464.762/0.44° V
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The core-loss and magnetizing currents are

_ AT o 1o age a

2500
I,= % = 0.232/ -89.56° A

The current supplied by the source is

5/—45° + 0.186/0.44° + 0.232/ —89.56°

5296/ -45.33° A

The power output, the power input, and the efficiency are

L=L+0+1,

P, = Rel(440)(5/45°)] = 1555.63 W
P, = Re[(464.762/0.44°)(5.296/45.33°)) = 171691 W

155563 _ .
= Teer = 006 or  906%
The voltage regulation is
VRY = HA7E2 = 40 4o s,

440
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[Example 2.37
A 50KVA transformer on full load has a copper loss of 600 watt and iron loss of 500 watt, calculate
the maximum efficiency and the load at which it occurs.

Solution:

output

“output + Tron Toss + Copper Toss < '

%n=

Efficiency will be maximum when: copper loss = Iron loss = 500 W

Fraction at which the efficiency is maximum, x= ‘J“% = \(% =09128
Load at which the efficiency is maximum, i.e.,
Output = x X KVA = 09128 X 50 = 4564 KVA
= 45.64 x 1= 4564 KW (since cos §= 1)

4564 x 1000

= T56Tx 1000 + 500 7 500 0 =07 85% (4n9)

T




image184.png
EXAMPLE 4.7

A 120-KVA, 2400/240-V, step-down transformer has the following parameters: R,
=0750Q,X, = 080Q,R 0.01 Q, X, = 0.02 . The transformer is designed to
operate at maximum efficiency at 70% of its rated load with 0.8 pf lagging. De-
termine (a) the kVA rating of the transformer at maximum efficiency, (b) the
maximum efficiency, (c) the efficiency at full load and 0.8 pf lagging, and (d) the
equivalent core-loss resistance.

® SOLUTION

Let us use the approximate equivalent circuit of the transformer as shown in
Figure 4.16. The rated voltage across the load as viewed from the primary side is
2400 V. Thus, the rated load current is

The load current at maximum efficiency is

I, =071, = 07 X 50 = 35 A




image185.png
(a) The kVA rating of the transformer at maximum efficiency is

3
VA = 2220 — gy va

Thus, the copper loss at maximum efficiency is

P = (R, + aRy) = 35%075 + 102 x 0.01)
= 214375 W

and the core loss is

P, =P, = 21375 W
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(b) The power output, the power input, and the efficiency when the trans-
former delivers the load at maximum efficiency are

P, = 2400 X 35 X 08 = 67,200 W
Pp =P, + P, + Py
= 67,200 + 2,14375 + 2,143.75 = 714875 W

_ 720
"= 714875

= 094 or 94%

() The power output, the copper loss, and the efficiency at full load are

P, = 2400 X 50 X 0.8 = 96,000 W
=507 X (0.75 + 10> X 0.01) = 4375 W

o
"

96,000

" = 56000 + 4375 + 214375~ 0% or 6%

(d) The equivalent core-loss resistance at no load is

24007

R, = = 26868802
214375
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EXAMPLE 4.10

A 24-kVA, 2400/240-V distribution transformer is to be connected as an autotrans-
former. For each possible combination, determine (a) the primary winding volt-
age, (b) the secondary winding voltage, (¢) the ratio of transformation, and (d)
the nominal rating of the autotransformer.

® SOLUTION
From the given information for the two-winding transformer, we conclude

V, =240V, V,=240V, 5, =24kVA [, =10A, and I, = 100 A
(a) For the autotransformer operation shown in Figure 4.31a,

Vi = 2400 + 240 = 2640 V

Vo =240V
2640
a =S =11

Sea = Vaaloy = Viaha = Vihy
= 2640 X 10 = 26400 VA or 264 kVA

Thus, the nominal rating of the autotransformer is 26.4 kVA, 2640/240 V.
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(b) For the autotransformer connection shown in Figure 431b,

Vie= 240V

Vy, = 2400 + 240 = 2640 V
240

ar = e = 0091

Soa = Vauloy = Vauly
= 2640 X 10 = 26400 VA or 264 kVA

The nominal rating of the autotransformer is 26.4 kVA, 240/2640 V.
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(c) If an autotransformer connection is as shown in Figure 4.31¢,

Vi = 240 + 2400 = 2640 V
V,, = 2400 V

= 2640 X 100 = 264,000 VA or 264 kVA

The nominal rating of the autotransformer is 264 kVA, 2640/2400 V.
(d) Finally, if the autofransformer connection is as shown in Figure 4.31d,

Vi, = 2400V
Vo, = 2400 + 240 = 2640 V
2400
=—— =091
= 2680

Swe = Vashoy = Viuly
= 2640 x 100 = 264000 VA or 264 kVA

The nominal rating of the autotransformer is 264 kVA, 2400/2640 V.
Note that the power rating of a two-winding transformer, when connected as an
autotransformer (Figure 4.31c or d), has an 11-fold increase.

[ ]
= 2640 x 100 = 264,000 VA or 264 kVA

The nominal rating of the autotransformer is 264 kVA, 2400/2640 V.
Note that the power rating of a two-winding transformer, when connected as an
autotransformer (Figure 4.31c or d), has an 11-fold increase.
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Example 5-2
Find the P.V.R. and efficiency for the transformer of Example 5-1.

Let us apply the basic formula of Eq. (5.14). We have from Example
5-1:
V, = 2000V
I,,=20A

2

R, =004 200)" o
2

Xy =012( 20} =3 ohms

Thus substituting in Eq. (5.14), we get

_ . [20[1(0.8) +3(0.6)] , 1] 20[3(0.8) - 1(0.6)] ]*
e - o[ M0 0] 1 309 s00)]

= 2.600 percent
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Let us compare this with the result of applying Eq. (5.13) with no
approximations. Using the results of circuit (c) for Example 5-1, we have for
load conditions,

V,=410.46V
V; =400 V

Referred to secondary, we have
vi=110.46( 200 ) = 205230 v

This is V, on no-load. Thus,

2052.30 - 2000
P.VR, = 100 22220200

= 2.62 percent
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To calculate the efficiency we need only to apply the basic definition.
Take the results of the exact circuit. The input power is

P, = Vi1 cos$,
= (410.63)(102.13) (c0s38.69)

= (400)(100)(0.8)
=32,000 W
Thus,
32,000
"= 32,733.99
The efficiency of a transformer varies with the load current I,. It
attains a maximum when

=0.97758

oy _
Frald

Using Eq. (5.15) the derivative is

T G
P|=57) PR
o _ ‘(aIIL| RIA

o, p?
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Thus the condition for maximum power is

P,
P _ 1L
B, op,
AL

Using Eq. (5.16) we get
P _ |Vafcosgy 2|1 | Ry
B [Valcos ¢,

This reduces to
P=P,+ 2| (Re)

Thus for maximum efficiency we have
B=P.+|LP(R,)
As a result, the maximum efficiency occurs for
P=(LP(Ry) (517)

That is, when the I?R losses equal the core losses, maximum efficiency is
attained.
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Example 2.38

The iron and full-load copper losses of a 100 KVA single-phase transformer are 1 kW and 1.5 kW,
respectively. Calculate the KVA loading at which the efficiency is maximum and its efficiency at this
loading: (i) at unit p.f. (ii) at 8 .. lagging.
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Example 5-3
Find the maximum efficiency of the transformer of Example 5-1 under
the same power factor and voltage conditions.

Solution
We need first the core losses. These are obtained from the exact
equivalent circuit as
P.=|E,(G,)
= (405.22)*(2X107%)
=32841W
For maximum efficiency,
P.=I}(Ryg)
Referred to the primary, we thus have
328.41 = 12(0.04)
Thus for maximum efficiency,
1,=90.61A

__ Vil |eos e,
e = VT, Jeosg + 2P
_ (400)(90.61)(0.8)
"~ (400)(90.61)(0.8) + 2(328.41)
=097785
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Example 5-4

Consider a three-winding transformer with the particulars shown in
the equivalent circuit referred to the primary side given in Figure 5-11.
Assuming V, is the reference, calculate the following:

A. The secondary and tertiary voltages referred to the primary side.

B. The apparent powers and power factors at the primary, secondary,

and tertiary terminals.
C. The transformer efficiency.

Assume that
1,= 50/ —30°
I,=50/-35°
Solution
The primary current is

L=h+1,

=99.9048 { —32.5°
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Z, =002+ 0068

7,=002 + 006 &

Figure 5-11, Circuit for Example 5-4.
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Now the voltage at point 0 is
Vo=V,- 1z,
=400 - (99.9048)( / —32.5°) (0.02 +0.06)
= 395114/ -0571°V
The secondary voltage is obtained referred to the primary as
V=Vo-LZ,
395114/ —0.577°— (50/-30°)(0.02 +0.06)
=392.775/—0.887°
The tertiary voltage is obtained referred to the primary as
Vo= Vo- 12,
=395.114/-0.577°— (50/—35°) (0.02 +0.06)
= 392,598/~ 0.8%°

The apparent power into the load connected to the secondary winding
isthus

s=vL

=19$9.75{E,ll3°

Asa result,
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Similarly for the tertiary winding, we get
8=V1

=19629.9/34.144°

As a result
PE, = cos(34.144°) = 0.82763
The apparent power at the primary side is
S =Wl

= 39961.92/32.5°

As a result,
PF, = cos(32.5°) = 0.84339
The active powers are

P,=19638.75 c0s29.113°
=17157.627T W
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P,=19629.9 cos 34.144°

=16246.285 W
P, = 39961.92 cos 32.5°
=33703.5415 W
The efficiency is therefore
_hth
n= PI

=0.99111
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Problem 5-A-1

The equivalent impedance referred to the primary of a 2300,/230-V,
500-kV A, single-phase transformer is

Z=02+j0.6 ohm

Calculate the percentage voltage regulation (P.V.R.) when the transformer
delivers rated capacity at 0.8 power factor lagging at rated secondary
voltage. Find the efficiency of the transformer at this condition given that
core losses at rated voltage are 2 kW.

Solution

The secondary current referred to the primary side is
500 p 10‘

Iy= o =217.39/ — 36.87°

Thus the primary voltage at rated load is
Vi=Vi+LZ
=2300/0+ {217.39/—36.87)(0.2+,0.6)

224145111.8{? \4
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As a result, we calculate
Vi

v 81—
P.VB.zlm( ?’=1m(_m—m)=55

v 2300
The efficiency is calculated as
(500 % 10°)(0.8)

n=
(500 X 10° X 0.8) +(217.39)%(0.2) +2 X 10°
=09722
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EXAMPLE 4.9

A single-phase generator with an internal impedance of 23 + j92 m is connected
to a load via a 46-kVA, 230/2300-V, step-up transformer, a short transmission line,
and a 46-kVA, 2300/115-V, step-down transformer. The impedance of the trans-
mission line is 207 + j4.14 Q. The parameters of step-up and step-down trans-
formers are:
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Ry Xu R X, Rey Xouts

Step-up: 230 690 23 m 69 m0 138 k0 69 k0
Step-down: 230 690 575mfl  1725mQ  115kQ 92k

Determine (a) the generator voltage, (b) the generator current, and (c) the overall
efficiency of the system at full load and 0.866 pf lagging.




image15.png
Solution:

Here, Rated capacity = 100 KVA; Iron loss, P, = 1 KW;
Fulload copper loss, P, = 1.5 kW

Output kVA corresponding to maximum efficiency

r
= xxrated kVA = % xratedkVA = |1z X100 =81.65kKVA (Ans)

(i) Atunity pf.

- 8L65x1 _ 8165 o
M= Sesxi+11 < 100=g37¢5 ¥ 100=97-6% (Ans)
(i)) ALOS p. lagging
- _ 8165x08 6532, _
1= 8165 x 0. 100 =757 *=97.03% (Ans.)





image204.png
® SOLUTION

The exact equivalent circuit of the system incorporating ideal transformers is given
in Figure 4.29. The entire system is divided into three regions—A, B, and C, as
shown.

Region A: V4 = 230 V, and 5, = 46,000 VA

Thus, I, = 46,000/230 = 200 A, and Z,, = 230/200 = 1.15Q

The per-unit impedance of the generator is

By = B0 1250'092— - 002 + j0.08

The per-unit parameters on the low-voltage winding of the step-up transformer
are

0.023
Rip = 715 = 002
0.069
Xip = 15 = 006
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[

Figure 4.29 A power distribution system of Example 49.

2300 V: 115V
Step-down
transformer
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Region B: V,; = 2300 V, and S,y = 46,000 VA
Thus, Iy = 46,000/2300 = 20 A, and Z,, = 2300/20 = 115Q
The per-unit parameters on the high-voltage side of the step-up transformer are

23

Rip = 135 = 002
Xy = 1%% = 006
Retspu = 13“25‘09 =120
Xunpe = 735 = &

The per-unit impedance of the transmission line is

207+ j4ld

- e = 0018 + j003%6
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The per-unit parameters on the high-voltage side of the step-down transformer
are

Ry = % =002
Kot = % = 006
Rt = % =100
X = T 0

Region C: V,, = 115V, and Sc = 46,000 VA

Thus, lyc = 46,000/115 = 400 A, and Z,c = 115/400 = 0.2875 Q)

Finally, the per-unit parameters on the low-voltage side of the step-down trans-
former are

000575

R = 02575 = 00
001725

Xim = Dag75 ~ 006
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At full load and 0.866 pf lagging, we have
Vi =1/ and I, =1/-30°
Referring to the per-unit equivalent circuit of the system as given in Figure 4.30,

we can write the following set of equations to determine the generator voltage
and overall efficiency of the system.

Eqp = 1/0° + (002 + j0.06)(1/=30°) = 1.048/2.29°
Top, = 1/=30° + 1.048/229° [— + —1-} = 1.016/-3031°

100 j80
Eg . = 1.048/229°
+ (1.016/ =30.01°)(0.02 + j0.06 + 0.018 + j0.036 + 0.02 + j0.06)

= 1.188/7.21°
1.016/~3031° + 1.188/7.21° [ﬁ + —] = 1.036/-30.84

I!.pu
Viopu = 1188/7.21° + (1.036/~30.84°)(0.02 + j0.08 + 0.02 + j0.06)

= 1313/11.08°
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(a) Hence the generator voltage is

= ViaVy, = 230 X 1313/11.08° = 301.99/11.08° V

[ ] i
jOO8 | j0.06  j0.06 e j0.06 0.06 I

I
|
I
|
1
i
|
— T
|
Generator Step-up. Heansmission Step-down
transtormer " hine wransformer

Figure 4.30 Representation of a power distribution system of Figure 429 in terms of the
per-unit parameters.
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(b) The current supplied by the generator is

Lalyp, = 200 X 1.036/=3084° = 207.2/ ~3084° A

() On a per-unit basis, the rated power output at a 0.866 pf lagging is

P,

o.pu

= 0.866
The per-unit power supplied by the generator is

Py e = Rel(1.313/11.08°)(1.036/30.84°)] = 1.012
Hence, the efficiency is

0.866
= 208~ 0 6%
n= o - 0856 or 856
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512 EXAMPLES
Example 5-1 (Section 5-6)

A transformer is rated 10 kva, 2400/240 v, 60 Hz. The parameters for the ap-
proximate equivalent circutt of Fig. 5-9(a) are:

Yo, =G, +/ By, =125 - j28.6=31.2(-66.4° umhos

Z., =R, +j X, =84+]137=16.1/58.5 ohms
Find the voltage regulation for operation with rated load and power factor of
0.8 lagging.
Solution

We plan to use Eq. 5-48 to find ¥;. For this purpose, we first have to find the
rated current.

Dyated = i atea = 10,000/2400 = 4.17 amp
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Choose I; as the reference. Either this or ¥, may be chosen. It is a matter of
personal preference.

Lja=1; =4.17/0° =417+ 0 amp
‘The power factor angle is
6= cos™ (0.8) = 36.9°
‘The voltage ¥; leads the current I, by this angle.
aV, =2400/36.9° = 1920 + 1440 volts
‘The voltage across the equivalent impedance is
Z,, 1y =(8:4+/13.7) (417 +/0) =35 +/ 57 volts

The terminal voltage on side 1 is found from Eq. 5-48.

Vi =aV, +Z,, 1; = 1955 +; 1497 = 2462[37.4° volts
Use only the magnitudes in Eq. 5-50 to find the voltage regulation.

V- -
= aVy _ 2462 2400=0.0258
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Example 52 (Section 5-7)

The transformer of Example 5-1 is operated with rated load and power factor
of 0.8 leading. Find the efficiency.

Solution

We plan to use Eq. 1-4 to find the efficiency. We do not solve for all of the
values in Fig. 5-9(a). We work with rated quantities as being close enough for
this computation of efficiency. The rated load current is

0 rated = Daratea = 10,000/240 = 41.7 amp
The output power is
Poyt = Va1 cos 0 = (240) (41.7) (0.8) = 8000 w

Use Eq. 5-52 to find the copper losses. Since R, is given, it is convenient to
use

Iy ~I; =I/a=4.17 amp
Pp=IR,, =(417) (8.4)= 146w
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Problem 5-A-2
A 500/100 V, two-winding transformer is rated at 5 kVA. The follow-
ing information is available:
A. The maximum efficiency of the transformer occurs when the out-
put of the transformer is 3 kVA.

B. The transformer draws a current of 3 A, and the power is 100 W
when a 100-V supply is impressed on the low-voltage winding with
the high-voltage winding open-circuit.

Find the rated efficiency of the transformer at 0.8 PF lagging.

The core losses are 100 W from the specifications of part (b). From
part (a), the I’R loss at 3-kVA load is thus 100 W. For a 5-kVA load, the
IR loss is

IR, =100(3)° = 21778 W
The efficiency is
Fou
IR+ Py,
- 5X10° X 0.8
5X10° X 0.8+ 277.78 + 100
=0.9137
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A measured value of core losses is often available and can be used. In this prob-
lem, G, is given so we use Eq. 5-53 to find the core losses. We use ¥; = Viyiq-

P, =G, V}=(125X 107) (400" =72 w
The summation of losses is
Piog =Pg +P.=146+72=218 w
Use Eq. 1-4 to find the efficiency.

o8
8000 +218

=0973
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Example 5-3 (Section 5-7)

All-day efficiency is defined to be the ratio of energy output to energy input
for a 24-hour period. The 10kva transformer of Example 5-1 is operated for
24 hours a day. Loads during the day are: 10 kva at 1.0 P.F. for 3 hours; 6 kva
at 0.8 P.F. lag for § hours; no load for 16 hours. Find the all-day efficiency.
Solution

The given conditions of this problem make it simple to evaluate the integrals in
Eq.5-57. The output energy is

Wou =(10X 1.0)X 3+ (6X 0.8) X 5+0X 16 =54 kwh
The core losses are constant for the full 24 hours. The energy into core losses is
W, =(72/1000) X 24 = 1728 kwh
During 3 hours, the copper loss is

2
P = (‘Zz'ggo) (8.4)/1000 = 0.146 kw

During § hours, the copper loss is

6000
Pr= (2400) (8.4)/1000 = 0,053 kw

During 16 hours, the copper loss is
Pr=0

The energy into copper losses is
Wg =(0.146) X 3+ (0.053) X 5 +(0) X 16=0.703 kwh
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The denominator of Eq. 557 is the energy input during the period.
Win = Wous + Wi + W, =54+ 1.728 +0.703 = 56 431 kwh

The energy efficiency for the full 24 hours is
N = Wout/ Win = 54/56.431 =0.957
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Example 5-4 (Section 5-9)

Test data for a 10kva, 2400/240-v, 60-Hz transformer are as follows: open-
circuit test, with input to the low side, 240 v, 0.75 amp, 72 w; short-circuit test,
with input to the high side, 80.5 v, 5.0 amp, 210 w. Find the parameters for
the approximate equivalent circuit in Fig. 5-9(a).
Solution
Tums ratio =4 = 2400/240 = 10

Tizatea = 10,000/2400 = 4.17 amp

Tyrytea = 10,000/240 = 41.7 amp

Since the input for the open-circuit test is measured into the low side, it is con-
venient to work with Fig. 5-9(d). The admittance is

62 = aocl Vaoe = 0.75/240 = 3.12 X 10 mho
The angle of the admntance is found by
€08 0 = Poc/(Vaocl200) = 72/(240 X 0.75) = 04
04 =cos™! (04) = -66.4°




image218.png
The conductance is

G,

c0s 0y =125 X107 mho
The susceptance is
By, =Y, sin 0 =-286 X 10~ mho
In Fig. 5-9(a) these quantities are referred to the high side.
Yo, = Yo, a* =312[-664° =12.5 - 28.6 umho

Since the measurements for the short-circuit test are made into the high side
winding, Fig. 5-9(b) is applicable. The impedance is

Zo, = Vil =80.5/5 = 16.1 2
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‘The angle of the equivalent impedance is found by
<08 0, = Pye/Vise L1 sc = 210/(80.5) (5) = 0.522
0, = cos™ (0522) = 58.5°
The equivalent resistance is
Re, =2, cos0, =840
The equivalent reactance is
X., =Z,, sinf,=137Q
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Example 55 (Section 5-10)
(a) Repeat Example 5-4, using per-unit values. (b) Find the regulation for a
power factor of 0.8, this time leading. () Find the efficiency at half load and a
power factor of 0.8.
Solution
First establish the bases: Pygse = Py pase = 10,000 va.
Vipase = 2400V, Vypee =240 v
T1psse = 10,000/2400 = 4.17 amp
Tnpase = 10,000/240 = 41.7 amp
Convert all test data into per-unit values
Vo =240/240= 1 pu
Ioc =0.75/41.7=0018 pu
Py =72/10,000 = 0.0072 pu
Ve =80.5/2400 = 0.0335 pu
1o =50/4.17=12pu
P, =210/10,000 =0.021 pu

Note that there are no subscripts indicating “primary” or “secondary” for per-
unit values.

(a) The procedures of Example 5-4 are repeated with pu values.
Y5 =0018/1=0018 pu
cos 5 =0.0072/(1 X 0.018) = 0.4
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Being a dimensionless number, it must be the same as that obtained in the
previous example. So are

6,=-66.4° and sin 6, =-09165
G, =0018X 0.4=00072 pu
By, =-0018 X 09165 =-0.0165 pu
Y, =0.018/-66.4° = 00072 - j 0.0165 pu
Z,=00335/12=00279 pu
cos 0 =0.021/(0.0335 X 1.2) = 0522
6,=58.5,sin 6, =0853
R =00279 X 0522 = 0.01456 pu
X, =00279 X 0.853=0.0238 pu
Z,=00279/58.5° = 0.01456 +; 00238 pu

These values can be checked against those obtained in the previous example
by using the admittance and/or impedance bases. For instance

Zipue =2400/4.17=576 2

and

Ze, =16.1/576 =0.0279, etc
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(b) Use the method of Example 5-1
L, =1/0° pu
V2 =1/-369° pu
(For a “leading” power factor, the voltage lags the current), thus V, =
0.8-;0.6 pu.
Z,1, =0.0146 +70.0238 pu

Add these two phasors to get V, = 08146 - j 0.576 = 09876/-353°, So the
regulation is (0.9876 -1)/1 = -0.0124 (negative, due to the leading load).
(0) Athalfload,

5L=05pu
Pou=1X0.5X0.8=04pu
P, =0018 X 12 =0018 pu (equals G,)
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Pg =0.01456 X 0.5 =0.00364 pu
Piogs =0018 +0.00364 = 0.02164 pu

So the efficiency s
7=0.4/(0.4 +0.02164) = 0949
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Example 1.16. For a 200 kVA, 4000/ 1000 V, sin

igle-phase transformer, draw the equivalent
circuitreferred to L. side and insert all the vales. It is given that the transformer efficiency at
unity power factor is 97% both at full load a

nd at 60% of full load. The no-load pf is 0.25 and
the full-load regulation at a lagging pf of 0.8 is 5%.

Solution. Total losses in a transformer

1
=2 00) = 6185.5 W
(”7 1}(200‘0 ) =6185.5
At fall load, P +P,=61855W

A1)
AL60% of full load, P, + (0.6)° - P,y = 6185.5% 0.6 W

o P.4+036 P, =37113 W

From Eqns. (i) and (if), ohmic losses,

6185.5-37113 oy
Py = ST =366

P, =6185.5 - 3866 23195 W
Parameters are required on the low-voltage side. From Eqo. (1.36)

_ 3866
7= 200,000

But voltage regulation is 5= (r,y s 8, + %, 5in 8) = (1933 X 0.8 4 x,, x 06)
x,0=5.756%

i)

2nd core loss,

%100 = 1.933%

.3
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A transformer has 4% resistance and 6% reactance drop. Find the voltage regula-
full load (a) 0.8 p.f. lagging (b) 0.8 p.. leading and (c) unity p.£.
Solution
() Regulation at 0.8 p.f. lagging = R, cos 6, + X, sin 6,
=0.04 X 0.8 +0.06 X 0.6
=0.032 + 0.036 = 0.068 or 6.8%.
(b) Regulation at 08 p.f leading = R, cos 6; - X,,, sin 6,
=004 x0.8-006x 06
= 0.032 - 0.036 = ~0.004 or ~0.4%.
(©) Regulation at unity p.f (= Ry, cos 8) = 0.04 x 1 = 0.04 or 4%.
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19, A 40 kVA, 2500/500 V single phase transformer has the following parameters: R,
80, R, =050, X, =200, X,= 0.8 Q. Find the voltage regulation and the secondary

terminal voltage at full load for a p.f. of 0.8 lagging. The primary voltage is held constant

at 2500 V.

Solution
Equivalent resistance referred to low voltage side

500 Cosn
R;y=05+8x ( ) 205403220820
Equivalent reactance referred to low voltage side
500 Y
X, =08+20x [——) =08+08=169
2500

40x10°

Full load secondary current / = =80A

. 500
Voltage regulation = (I R,y cos 8, + Iy X,y sin ,)/E;

80
2L (082 (08) + 1.6 X (06
o0 (082X 08) + 16X (0.6))
o 1298

= 0258 or 25.6%.
500
If V, be the secondary terminal voltage then
E -V,

E

=0.256 or, V,=(l-0256)500=372V.
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20 A 2000400 V single phase transformer has an equivalent resistance of 0.03 p.u.
equivalent reactance of 0.08 p.u. Find the full load voltage regulation at 0.8 p.f.
lag if the primary voltage is 1500 V. Find also the secondary terminal voltage at full load.

Solution

Voltage regulation =

E -V

E,
So, voltage regulation is 0.072 or, 7.2%.

or, =0.03 x 08 + 0.08 x 0.6 = 0.072

When primary voltage is 1500 V secondary voltage is 1500 X % =300V at no load

or, E; = 300 V. Hence, secondary terminal voltage V; = Ex(1 - 0.072) = 300 x 0.928 =
2784 V. censnen




image227.png
821 1In a 25 kVA, 2000/200 V transformer the iron and full load copper losses are

350'W and 400 W respectively. Find the efficiency at unity p.f. at (a) full load (b) half
1oad. Determine the load for maximum efficiency.

Solution
N Output Output
Efficiency = Input  Output + Losses
(a) At full load and unity p.f.
Output = 25 x 10° x 1 =25 x 10° W
Losses = 350 + 400 = 750 W
25,000

25,000 + 750
(b) At half load and unity p.f.

efficiency =

0.97 or 97%

Output = 25 x 10° x % 125X 10°W
Tron losses = 350 W

2
prulnssu:(%] %400 = 100 W

Total losses = 450 W
12500
12500 + 450

If maximum efficiency occurs when load is (x) times the full load then copper
Tosses = (* x 400) W

As core losses = copper losses, under maximum efficiency condition then (v x
35
400) = 350, or () = ’_ =0935
) o= |5

Hence, load for maximum efficiency = 0.935 x 25 kVA = 23.375 kVA.

Efficiency = = 0.965 or 96.5%
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8,22 Find the efficiency of a 150 kVA transformer at 25% full load at
0.8 p.f. lagging if copper losses are 1600 W at full load and iron losses are 1400 W.
Solution

Output at 25% full load and 0.8 p.f. lagging is
150 x 10° x 0.25 x 0.8 = 30,000 W
Copper losses = 1600 x (0.25) W = 100 W
Tron losses = 1400 W
Total losses = (100 + 1400) W = 1500 W

Efficiency = —upst__ _ 3000 _,,,

524 or 95.24%.
Output + Losses 30,000 + 1500 .
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Calculate the efficiency at 25% overload for a 100 kVA transformer at 0.7 p.f. The
losses are 800 W and full load copper losses are 1000 W.
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Solution
Load impedance = 10 + J5 = 11.18£26.56° Q
Total series impedance = (0.5 + 10) + j(1.2 + 5) = 10.5 + j 6.2 = 12.194£30.56° Q
400 o

Load curent, £y = 0o A = 3282-3056° A

() Secondary terminal voltage = 7, x 11.18.226.56° = 366.7 V.

(i) Magnetising current = 220 ;300 _ o5 _ 0,667 = 0.833.£-53.14° A.

00’500
Hence primary current = load current + magnetising current
3282-30.56° + 0.5 — j0.667
(28.74 - j17.34) = 33.574£-31.1°.
(iii) Tnput = (V7 cos 6) = 400 x 33.57 cos (31.1%) = 11497.95 W.
Total losses = Iron losses + Copper losses
= 400 x 0.833 cos 53.14° + (33.57) x 0.5 = 76334 W

Efficiency = {1-£25%| g = T334 _ 9336 or 03.36%.
1149795
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8. 26_ A 20 kVA, 2000/220 V single-phase transformer has a primary resistance of 2.1 Q
nd a secondary resistance of 0.026 2. If the total iron loss is 200 W find the efficiency
on (i) full Joad and at a p.f. of 0.5 (lagging): (ii) half load and a p.f. of 0.8 (leading).

Solution
Iron losses = 200 W

20000
Full load primary current = oo = 10 A
primary 2000

Full load secondary current =

=9091 A

IR +I2Ry

10 x 2.1 +(90.91)? x 0.026

10 + 214.88 = 424.88 W.

(i) Output at full load and 0.5 p.f. lag =20 x 10° x 0.5 = 10,000 W
Input = Output + Iron losses + Copper losses

0,000 + 200 + 424.88 = 10.624.88 W.

Output 10,000

Toput . 10,624.88
(i) Outputat bl load 1 0.3 .. leading =20 10°x £ x0.8= 8000 W.

Total copper losses at full load =

So, efficiency =

=0.941 = 94.1%.

Copper loss at half load = 424.88 x (%)A =10622 W

Input = 8000 + 106.22 + 200 = 8306.22 W
8000
8306.22

Efficiency =0.963 = 96.3%.
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‘The primary resistance of a 440/110 V single-phase transformer is 0.28 €2 and the
ndary resistance is 0.018 . If the iron losses is measured to be 160 W when the rated
primary voltage is applied, find the kW loading to give maximum efficiency at unity p.f.
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Secondary copper losses at full load = (245.53)? x 0.00325 = 195.93 W.
Total copper losses at full load = (205.326 + 195.93) W = 401.25 W.
Tron losses = 170 W.

(i) Full load efficiency at a p.f. of 0.8 lag

Output 27.5%10° x 0.8

Output + Total Losses  27.5x 10" x 0.8+401.25 +170
(i) Let maximum efficiency occurs when load is (x) times the full load. As core losses
= copper losses under this condition,
2 6 X 401.25 = 170 or, x = 0.65
KVA output under this condition is = 0.65 x 27.5 = 17.9.

=0975 = 97.5%.

@) Maximum effciency = ———L9X10X08
17.9x10° x 0.8 +170+ (0.65)* x 401.25
14320 ,9768 = 97.68%.

“ 146595
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026780 0036650

" _1933 (10007 .
75 in ohms =20 * 200,000 = 0096652

and xin chms = 0.2878 0

1000)*
2319

1000V,

Core-loss resistance, R, = oo o0 = 431132

Exciting current,

P,
Ip=

e 23195 _ Fig. 1.23. Pertaining to Example 1.16.
Vycos 8, ~ 1000x 025 ~ 22784

33195
and core-loss current, = 2000 = 23195 4

V9.2787 - 2.3195" = 8.9834 A

1000
5.9834

‘The approximate equivalent circuit referred to 1.v. side is shown in Fig. 1.23.

Magnetizing current, I,

. Magnetizing reactance, X, =111320Q
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EXAMPLE 1.32. A 23007230 V, 500 KVA, 50 Hz distribution transform=
loss of 1600 W at rated voltage and copper loss 7.5 kW at fullload. Duurr
loaded as follows :

% load 0% 20% 50% 80% 100%
Power factor 071ag | 08lag | 09ag 1
Hours’ 2 4 4 s (.

Determine the all-day effciency of the transformer.

SOLUTION. Energy output=KVA X cos ¢ x hours kWh. Total encre-
‘over the 24 hour period is given in the following table :

o
o e KVA cos¢ W | hours -
2 07 02x500%07 |70 1 =
50 08 05x500x08 | 200 4 =
8 09 08x500x09 | 260 5 =
100 10 10x500x10 | 500 7 =
125 085 125x500x085 | 3125 | o

- total enexgy output over 24 hour period (excluding 2 hours
Wi =74425 KWh

Total energy loss in the core for 24 hours including 2 hours at ne
= 1600 003
Wi=P,xt=100 % 24=38.4 kWh
Copper loss at rated load = 7.5 kW
Copper loss at any other load = x copper loss at rated load .

given load
e e o]
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Toss in the transformer winding for 24 hours (excluding 2 hours

W, =108.64 kWh
energy loss in 24 hours = W, + W= 38.4 + 108,64 = 147.04 kWh
energy output in 24 hours, W,,, = 74425 kWh
Wow _ 74425
ey, Nap= W W, = 74425 + 147,04 = 09906 P
=98.06%
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ple 1.34. A5 kVA, single-phase transformer has ¢ core loss of 40 watts and full load
s of 100 watts. The daily variation of load on the transformer is as follows :

7AM. to 1 PM. :3kWatpfo6

1PM to6PM. :2kWatpf08

GPM.to1AM. :6kWatpfo9

1AM.t07AM. :Noload.

Determine the all day effciency of the transformer.

hmic 105
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Solution. Note that core loss remains fixed at 40 W, whereas ohmic losses vary as the
e o the KVA Ioad
<

7AM to 1 PM, KVAload

M
Ohmic losses for 6 hours = (100) [g J 100w

1PM. to 6 P.M. ; kVA load =u%:25kVA

. Ohmic losses for 5 hours =(100) [

50

r N6 20l
6PM. t0 1 AM.; KVA load = 5’5 = 2kva

2
- Ohumic losses for 7 hours = (100) SZT"E] 1778 W.
1AM.to 7AM; Ohmic losses =0

1
7000 [(100) (6) + (25) (5) + (177.8) (7))

1969.6
=000 = L97kWh

- Daily energy lost as ohmic losses

Dail _40x24
ly energy lost as core loss 1000

Total kWh lost = 1.970 + 0.960 = 2.93 kWh.
Daily kWh output = [3x 6 +2x 5+ 6 x 7+ 0] =70 kWh.

“Aldayn=1- Daily losses in kWh

Daily output + Daily Losses) in KWh
2.93

733 = 09598 or 95.98%.

=0.960 kWh
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Example 2.40
A 5 kVA single phase transformer has full-load copper loss of 100 watt and 60 watt as iron loss.
The daily variation of load on the transformer is as follows:

7AM 101 PM 3 kW at power factor 0.6 lagging.
1PM106 PM 2kW at power factor 0.8 lagging.
GPM1o 1AM 5 kW at power factor 0.9 lagging.
1AM 107 AM No-load

Determine the all-day efficiency.
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Solution:
Transformer rating = 5 kVA: P, =50 W; P, = 100 W

Load variation in tabulated form is given below:
Load inkVA = | Fraction of Load
Duration in Load in kW, Pt fow; PR
a Tated KVA
7AM o 1PM 3 3 06 3/06-5 5/5=1
1PM06PM 5 2 08 2/08-25 | 25/5-05
6PMto 1AM 7 5 09 509-555 | 5555=111
1AMto7 AM 6 0 0 0 0

kWhoutputin 24 hr =3x 6 +2x 5+ 5x7+0x6=63 kWh

lmnlossesm24hr7Pmka24f‘mxﬂflzkwh
- 2 2, 100
Copper losses in 24 hr = (l)lemox6+(05) X006 x5+(lll) * 1006 %7
+ (07 x 190 x 6

1000
=0.6+0.125 + 0.8625 + 0= 2.5875 kWh

Output in kWh in 24 hr
Outputin kWh in 24 hr + Pi inkWh in 24 hr + P, inkWh is 24 hr

_ 6
= @12+15875

All-day efficiency., 1,4, =

x 100 =95.763% (Ans)
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Example 2.41

A transformer has a maximum efficiency of 98% at 15 kVA at unity p f. It is loaded as follows: 12

hrs—2 kW at p£0.5: 6 hrs— 12 kW at p.f. 0.8; 6 hrs ~ 18 KW at pf. 0.9, calculate all-day efficiency
of the transformer.
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Solution:

_ _ kVAcosg po
We know Toos = WA cos 63T ¢ P=P)
98 _ _15x1
o 100 =~ T5x1+2P,
_ I5x100
or 15+2p,= 12000 _ 15306
Iron losses, P= 0153 kW

Full load copper losses, P, = P;

153 kKW
During 24 hrs. the transformer is loaded as under:

. Load in KVA Fraction of foad

Hrs. Load in ki Pt o - gvenlosd in kA
[22 Tull Toad in KVA

2 2 05 2054 41150267

6 12 08 08-15 15/15=1

6 18 09 18109 2015-1333

KWh outputin 24 hrs = 2 x 12+ 12 X 6 + 18 X 6 =204 kWh
Tron losses for 24 hrs = 0153 x 24 = 3.672 kWh
Copper losses for 24 hrs = (0:267)2x 0-153 x 12+ (1 x 0153 x 6 + (1333 x 01153 x 6
=268 kWh
Tnput in 24 hrs = 204 + 3.672 + 2.68 = 210,352 kWh

204
210352

All-day efficiency, 7.,y = X100 = 9698 % (Ans)
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837, A transformer has its maximum efficiency of 0.975 at 20 kVA at unity p.f. During
ihe day it is loaded as follows:

10 hr: 3KW at 0.6 p.f.

8 hr: 10 kW at 0.8 pf.

6 hr: 20 kKW a1 0.9 p.
Find the all day efficiency.

Solution
kWh output = (10 x 3) + (8 x 10) + (6 x 20) = 30 + 80 + 120 = 230 kWh
As maximum efficiency is 0.975 so total losses under this condition is [1 - 0.975] = 0.025

of output power.
At unity p.f. output power = 20 x 1 = 20 kW
Hence losses = 0.025 X 20,000 = 500 W

2. core losses = copper losses = % W=250W

As core loss is constant for all p.f. so total core losses in 24 hr.

250x 24
= kWh = 6 kWh

10°
For the first 10 hr.
kVA load =

6

Total copper losses = 10 (i]l %20 kWh = 0.156 kWh
20, 1000
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For the next 8 hr.
10
kVAload = — =125
= 08

2

125V 250

Total copper losses = 8 X | —— | x—— kWh = 0.781 kWh,
PP [ 20 ) 1000

For the last 6 hr.
KVAload = 2 2222
09

2

Total copper losses = 6 x [@) %20 \wh = 1.85 kWh
20 ) 1000

Total copper losses = 0,156 + 0.781 + L85 = 2.79 kWh

Total loss = 6 kWh + 2.79 kWh = 8.79 kWh

All day efficiency = = 0.963 or 96.3%.

230+8.79





image19.png
EXAMPLE 1.21. Ina f the load current is kept constant, find the poce
ﬁ:darﬂwlddnthzmn‘mmgmncymm

Valycos ¢
V{zcowﬂ?z&,
liﬂwloadcunu\!l,iscmsmtlgﬁﬁismnsmm.

BR, +P;=a constant (say k)
Vylycos ¢,
"=Vl cos gk
1

SowToN.  q=

and

n= s
b 7 vy =
'memdmynisamxnnumumdu\ommmlwg;uhisam;

mum. Since V; I is also a constant, the minimum value of the denominator occi=
wwhen €3 ¢ is a maximum. The maximum value of cos 6, = 1. Hence fora eomsion

oad current, maximum eficiency occurs when the load power factor is unity (that i
resistive load).
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The daily variation of load on a 100 kVA transformer is as follows:

Sam. o] pm: 65 kW, 45 KVAR

1pm.to7 pm: 80 kW, 50 KVAR
30 kW, 30 KVAR
No load

‘The transformer has a no load core loss of 270 W and a full load ohmic loss of 1200 W.
Determine the all day efficiency of the transformer.

Solution
From 8 a.m. to 1 pm.,

kVA = \/(65)? +(45)* =79

»Y
Ohmic loss = (—] X 1200 =749 W
100.

749x5

KWh = 3.745 kWh.
100

Energy lost as ohmic loss =

From 1 pm. to 6 p.m.,

KVA = /(80) +(50) =9434

Ohmic loss = (%) X 1200 = 1068 W

1068 x 6

kWh = 6.408 kWh.
100

Energy lost as ohmic loss =
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A
From 6 p.m. to 1 am.

KVA = /(30)% + (30)* =42.426
Ohmic loss = (‘-z.ﬁﬁj X 1200 = 216
1

x7
Energy lost as ohmic loss = kWh = 1.51 kWh

10°

Daily energy lost as ohmic losses = (3.745 + 6.408 + 1.512) kWh = 11.665 kWh
24 %270

Daily energy lostas core loss = <= kWh = 6.48 kWh

Total energy loss = (11.665 + 6.48) kWh = 18.145 kWh

Daily kWh output = 65 x 5 + 80 X 6 + 30 x 7+ 0 = 1015 kWh
Energy output _ 1015

Energy output + Energy loss 1015 + 18.145

All day efficiency = X 100% = 98.24%.
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838 A lighting transformer rated at 10 kVA has full load losses of 0.3 kW which is
made up equally from the iron losses and the copper losses. The duty cycle consists of full
Toad for 3 hours, half full load for 4 hours and no load for the remainder of a 24 hours
period. If the load operates at unity power factor, calculate the all day efficiency.

Solution

The load operates at unity power factor.
For the first three hours,

Energy output = 10 1 x 3 kWh = 30 kWh
For the next four hours,

Energy output = % x10x 1 % 4 =20 kWh

Total energy output = (30 + 20) kWh = 50 kWh
Full load losses = 0.3 kW

So, iron loss = (%)kw =0.15 kW

and full load copper loss = 'Lz’ KW = 0.15 kW
Tron loss energy = (0.15 x 24) = 3.6 kWh

ols
Copper loss energy = @

Energy loss = (3.6 + 0.6) kWh =

[0 15x3+ ) KWh = (0.45 +0.15) kWh = 0.6 kWh

.2 kWh
=0.922 or 92.2%.

Allday efficiency = ==
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839 The maximum efficiency of a 100 kVA, single-phase transformer is 95% and

OéCrs at 90% of full load at 0.85 p.f. If the leakage impedance of the transformer is 5%,
find the voltage regulation at rated load 0.8 p.f. lagging.
Solution
Output at maximum efficiency = 100 x 0.9 X 0.85 = 76.5 kW
Output 76.5

Efficiency = (095) = = o=
Output + Losses  76.5 + Losses
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2
Ohmic losses for 7 hours = (%) X 120 = 94.84 W

Energy lost as ohmic loss = 9484 x 7 = 663.87 Wh
Daily energy lost as ohmic loss = (367.36 + 180 + 663.87) x 10 kWh = 1.211 kWh

50%24
Dailyenergy lost s core loss = — == kWh = 12 kWh
1
Total loss = (1.211 + 1.2) = 1411 kWh

Daily output = (30 + 24 + 56) = 110 kWh

. 110
1 day effi = L0 - 09872 0r 98.73%.
Allday efficiency = 1ot or 98.73
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Example 2.39

A 20 VA transformer on domestic load, which can be taken as of unity power factor, has a full load
efficiency of 94.3%, the copper loss then being twice the iron loss. Calculate its all-day efficiency
on the following daily cycle; no-load for 10 hours, half load for 8 hours and full load for 6 hours.

Solution:

Full load output=20 x 1 =20 kW

Full load input = % - %xlw 20986 kW
Total losses, P, + P, = 20986 - 20 = 0.986 kW
Now P,=2 P, (given) P, +2 P,= 0986 kW
or Tron losses, P, = 03287 kW

Full load copper losses = 2 x 03287 = 0-6574 kW
KWh output in 24 hours = % %20 %8 +1 x 20 x 6 = 200 kWh
Tron losses for 24 hours = 03287 x 24 = 789 kWh

Copper losses for 24 hours= cu. losses for 8§ hrs at % full load + cu. losses for 6 hours at full load

2
= (1) X 06574 x 8+ 06574 x 6 =

5 259 kWh
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inputin 24 hrs = kWh output in 24 hrs + iron and cu losses in kKWh for 24 hrs

=200+ 7:89 + 5259 = 213149 kWh

KW ourput In 24 hrs |0

All-day effieiency. M sy = Ty Gpur in 28 hrs = 313149

X 100 = 93.83% (Ans)
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Example 2.39

A20KVA transformer on domestic load, which can be taken as of unity power factor, has a full load
efficiency of 94.3%, the copper loss then being twice the iron loss. Calculate its all-day efficiency
on the following daily cycle; no-load for 10 hours, half load for 8 hours and full load for 6 hours.

Solution:
Full load output= 20 X 1 =20 kKW

Full load input = "“'r"’“' = %x 100 = 20986 kW
Total losses, P, + P, = 20986 — 20 = 0986 kW
Now P.=2 P, (given) P, +2 P, = 0986 kW
or Iron losses, P, = 03287 kW

Full load copper losses = 2 x 03287 = 0-6574 kW
kWh output in 24 hours = % %20 % 8 +1 X 20 X 6 =200 kWh
Iron losses for 24 hours = 0:3287 x 24 = 7.89 kWh
Copper losses for 24 hours= cu. losses for 8 hrs at % full load + cu. losses for 6 hours at full load

2
= (%) X 0-6574 X 8 + 06574 X 6 = 5259 kWh
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input in 24 hrs = KWh output in 24 hrs + iron and cu losses in KWh for 24 hrs.
=200 + 789 + 5259 = 213-149 kWh

KWhoutput In 24 hrs
KW input in 24 hrs 213149

200

All-day efficiency. 1,4, = %100 = 93.83% (Ans)
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29.

A 110-KVA, 2200-V/110-V, 60-Hz transformer has the following circuit constants: R, = 0.22 Q,
Ry=05mQ, X, =20Q, X;=5mQ, R, =55 kO, and X,, = 1.1 kQ. During one day (24 hours)
the transformer has the following load cycle: 4 h on no-load; 8 h on ¥ full-load at 0.8 power factor;
8 h on % full-load at unity power factor; and 4 h on full-load at unity power factor. Assuming a
constant core loss of 1.346 kW, find the all-day efficiency of the transformer.
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b AAMPLE 1.22. A transformer is raled at 100 KVA. At full lad its copper loss =
1200 W and its iron loss is 960 W. Calculate

(@) the efficiency af full load, unity power factor,
(o) the effciency at half 1oad, 0.8 power fuctor,
() the eficiency at 75% fullToad, 0.7 poer factor,
(d) the load kV A at which maxinmens efficiency wil occur,
(©) the maxinam efficiency at 0.85 potoer fuctor.
SOLUTION. $=100kVA=100x 10’ VA
Py=1200W, Pi=9%60 W

mS cos ¢

mS cos @ + Py +nf Py

given load
where R Toad

(@) At full load m =1, cos ¢, =1
———  1X100x10°x1

1x100x 10° X 1+960 + (1) x 1200
=09788pu or 97.88%

) Athalfload m =1, cos 6,=08
1x100x10°x 08
"";xmaxw’xos'seméxum

=0.9694 pu=96.94%

n=

2
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energy output for 24 h

all-day efficiency =
Cergy input for 24 B

on!putfur24h:(4x0'BX%XU.XwSK%Xl~AXIxl)uu:msskwh

The total core loss for 24 h is (24)(1.346 x 10%) = 32.3 kWh. Determining the secondary and primary
currents during the different periods as in Problem 2.5, we calculate the following ohmic losses in the
windings:

for 8 h on % full-load:  [(250)°(S x 107) + (14.1(0.22)]8 = 2.85 kWh
for 4 h on % full-load:  [(SO0Y(5 x 107) + (26.6)(0.22)}4 = 5.62 kWh

for 8 h on full-load:  [(1000)(5 x 107) + (S1.7)(0.22)]8 = 44.70 kWh

‘Then the total ohmic loss for 24 h is 53.17 kWh, and

1056
S 1056 o005 =925%
ey~ 0555323 7 557
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2.19. A 75-kVA, 230-V/115-V, 60-Hz transformer was tested with the following results:
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short-circuit test: 9.5 V, 326 A, 1200 W
open-circuit test: 115V, 163 A, 750 W

Determine the (a) equivalent impedance in high-voltage terms; (b) equivalent impedance in per unit;
(©) voltage regulation at rated load, 0.8 power factor lagging; (d) efficiency at rated load, 0.8 power
factor lagging, and at 12 load, unity power factor; (¢) maximun efficiency and the current at which,
it occurs.

@ - o -0 a

(b) Proceeding as in Problem 2.18,
per-unit 7, = 3% = 0.0413 pu
perunil[,:;_;_:=lpu
per-unit Z, Vo oW | 00413 _ 0413 pu

L ow




image257.png
1200

22 -0016pu =1L,
75 x 16° P =k

© per-unit P,

Thus,

——
R, =0016 X, = (0.0413) 016 .0381 pu

V, =V +1Z =1 + (08 - j0.6)(0.016 + j0.0381)

whence ¥, = 1036 pu. Then,

voltage regulation = 1036 - 1 _ 0036 pu = 3.6%
(75 x 10°)(0.8) - 96.85%

Mttt ™ G55 700 5 1200 + 750

: (375 x 10°)(1) ~9727%
Timetind = 375010 7300 <750

@

(é) According to Problem 2.8, the maximizing current, I, is given by
IR, = copper loss = core loss ~ 750 W

‘The short-circuit test gives the equivalent resistance, &, as

R, 1200
G267
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Hence,

I =326 ‘l% = (326)(0.79) = 257.72 A

The power output is

1,

e (75 % 10%) = (.79)(75 x 10 W
% @ ) = (.79 )
and so

o = (0.79)(75 x 10%)

= DN X ) - 97.53%
(©079)(75 % 10%) = 750 + 750
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=y Example 1.36 : A 25007250 V, 50 Hz, 50 VA, single phase transformer has a resistance
of 0.8 olim and 0.012 ohm and a reactance of 4 ohm and 0.04 ohm for high and low voltage
windings respectively. Transfornier gives 96% maximum effciency at 75% full-load at unity
PJ. The magnetizing component of no-load current is 12 A on 2500 V side. Find out
ammeter, voltmeter and wattmeter readings on O.C. and S.C. test, if supply is given to
2500V side in both cases.

Solution : SOKVA, V,=2500V, V,=250V, f=50Hz
R=08Q X =40 Ry=002Q X =004Q
My = 96 % at 75% of full load at cos 6= 1, I, = 12 A

K=

For N,

nXkVA cos o

FXRVAXcos8+27, <10 . for max.n

n = Fraction of load required for maximum 1
=075 . given

0.75%50x107 x1
075x50x10° 1427,

096

o W042P = 390625
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78125 W = Iron loss
In OC. test, the voltage applied is rated i.e. Vy = V, = 2500 V, while the wattmeter

reading is iron loss ie. W, = P, = 78125 W
Now Iy = Lsino,=12 )
While W, = Vol coso,

78125 = 2500 1, cos 9,
T, cos 0, = 03125 ey
Dividing (1) and (2,
tang, = 384
6 = 7

I, = 1244
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Thus OC. test results are,

Ve 1y We
200V 124 masw
N
1EL) = KA ma
For SC. test, LEL)=2A
Full load copper loss
(L0 xRy = (207 %2 = 800 W
2, = RETXE = @ 70" - 82820
7, =
- 822 =

Ve = 164924V
Thus S.C. test results are,

Ve e Wae

164924 v 04 00w
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mmp Example 113 : A 5 KVA, 5001250 V, 50 Hz, single phase transformer gave the following
readings,
OC. Test : 500 V, 1 A, 50 W (L.V. side open)
S.C. Test: 25V, 10 A, 60 W (L.V. side shorted)
Determine : i) The cficiency on full load, 0.8 lagging pf.
i) The voltage regulaion on full load, 0.8 leading pf.
i) The eficiency on 60% of full load, 0.8 leading pf.
iv) Draw the equivalent circuit referred o primary and insert all the values i it.
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Solution : In both the tests, meters are on H.V. side which is primary of the transformer.
Hence the parameters obtained from test results will be referred to primary.

From O.C. test, V, =500V,1,=1A, W, =50 W

W, S0 _
w596 = 3= 5507 =01
I =1,c080,=1x01=01A
and I, = Ising,=1x09949 = 0.9949A
R, = 23500
and X, =;’_w 5:;?4§=502.51n
and W, = P, = iron losses = 50 W
From S.C. test, Vi
Rie
z, = S=250
Xie = J(25)7-(0.6) = 24269 @
VA rating
FL = A0S
a %
5x10°
- - =104
and L. = (1) FL

W, = PJEL=60W
i)non full load, cos 9, = 0.8 lagging
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07

hdmsls—-ws

- 0.75x100x 10°x 07
075 100x 10> 0.7+ 960 + (0.75)? x 1200
=096%8pu or 96.98%

s\E

o
%0 .
=W\/,;- 8944 kVA'

efficiency

Sucosé, 8944 x10°x 0.85
505 6+ 2P0 59,44 10° x 0,85 + 2 %60
=09753 pu or 9753%

M=
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(VA rating) cos 9,
(VA Tating) cos 6 + P, +(Pe) F. L.
5x10°x08

= X107 %08 400 %
X107 x08+50760 0 = 72

%n

X100

i) Regulation on full load, cos ¢ = 08 leading

@)L Ry cos9-()F L Xy, sine oo

%R = v,

10x06x08-10%24269x06

= -195%
iii) For 60 % of full load, n = 0.6 and cos ¢, = 0.8 leading
P, = copper loss on new load = n’ x (P,) F.L.
= (06 %60 =216 W

n (VA rating) cos 0,

%
" B cos 4 + B, +n? (P F.

%100

n(VA

3
- Bbx5‘x]0 x08 X100
06%5%107 x08+30+216

= 97103 %




image265.png
iv) The equivalent circuit referred to primary is shown in the Fig. 1.43.

S AN —T
060 24269Q
1A S~ —

502520

Fig. 1.43
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mmp Example 1.14 : The open circuit and short circuit tests on a 10 kVA, 125/250 V, 50 Hz,
single phase transformer gave the following results :
OC. test : 125 V, 0.6 A, 50 W (on L.V. side)
S.C. test 15 V, 30 A, 100 W (on H.V. side)
Calculate : i) copper loss on full load
i) full load efficiency at 0.8 leading p.f.
iii) half load efficiency at 0.8 leading pf.
iv) regulation at full load, 0.9 leading p.f.
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Solution : From O.C. test we can write,
W, = P =50 W = Iron loss

From SC. test we can find the paramelers of equivalent circuit. Now S.C. test is
conducted on H.V. side i.e. meters are on FLV. side which s transformer secondary. Hence
parameters from S.C. test results will be referred to secondary.

Ve = 15V,1,=30A, W, =100 W

We | 10
Ru = 37T = 0Am e
2 =
X =

i) Copper loss on full load

VArating _ 10x10*

v i

() FL. =

In short circuit test, I, = 30 A and not equal to full load value 40 A.
Hence W, does not give copper Joss on full load

W, = P at30A=100 W
Now Py = I

Pyat30A _ (30Y

P at0A " (@
100 L

P.atd0A ~ 1600

P atd0A = 17778 W

(P) FL. = 17778 W
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i) Fuli load 0, cos 0, = 08

% on full load =

250%40%08

= S50%40%08+50+17778 <100 = 7B %

i) Half load 1, cos 0, = 0.8
n = 05as half load,

* %mon half load =

= 97.69 %
iv) Regulation at full load, cos ¢ = 0.9 leading
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b Example 1.35 : The open circuit and short circuit tests on a 5 KVA, 250/125 V, 50 H,
single phase transformer gave the following results :
OC. Test : 250 V, 0.7 A 90 W (LY. side)
S.C. Test : 12 V, 30 A, 90 W (L. side)
Caleulate : i) The full load eficiency and i) The voltage on L.V. side when supplying full
load current botl at 0.8 leading power factor.

Solution : The O.C. Test meters are on H.V. side hence the parameters calculated will
be referred to HV. side ie. primary. But there is no need to calculate no load branch
parameters, to calculate efficiency and regulation. But from O.C. Test we can write full
load iron losses which are constant on any load condition as,

B o= W= W

The SC. Test meters are on LV. side hence the paramters obtained from SC. Test
resuls will be referred to LV. side ie. secondary.

Vo= 2V, =30 AW =90 W

- W _ 90
- e W T or

2 - Yeo2.oia

Xpe = JZa - = JOA (017 = 03673 2

In SC. Test, wattmeter reading gives copper losses.
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‘While

L

L

Fn
[

w,

JLANIEYS
[onpn

Podre =

VA _5x10°
Y is

-a0A

0A
04

90 W which are not full load copper losses.
2

=)

[‘“)’xw =160wW

£
These are full load copper losses.
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While transferring veiues for LV. to HY. side, when K < 1, the values must be
divided by K.

Ry =

and X =

[

i) Efficiency on full load, cos 0 = 08 leading
KVA xcoso

= R 6T g
- ﬁmﬁxm -oa1 %
ii) Voltage on LV. side on full load, 03 leading p.f.
Terminal V; = Va- gy (Ry cos 9- Xy, sin ¢)
125 - 40 (0.1 x 0.8 - 0.3873 x 0.6)
- ey
Or this can be calculated as below,

Lt (R cos =X, 500 0o
hee Gucnd-X,sing

% Reg =
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2004x05-15192x08)

= -a876%
‘The regulation is defined as,
LA

% Reg = -
R\ AT

a6 = 20l 00

S6092 = 125- (Vg

(V) = 125+ 60952 =1310952 V.
This is same as caleulated above.
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e 1.28. A 10 kVA, 2500/250 V, single-ph
'gle-phase, transformer gave the following test
es

prampl
et 3
ciuittest 250V, 084, 50W
O it st 60V, 34 d5W

Calculate the efficiency at LT 1
] % land 1of full load at 0.8 p f.

0 Calculate the load (kVA output) i -

S imum efficency ot 0.8 pf. at which maximum efficiency occurs and also the val

Compute the volt i o
(¢) Comp AL age regulation and the secondary termi;

ner factors o i) 0.8 lagging and (ii) 0.8 leading. ry terminal voltage under rated load at
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Example 1.29. The efficiency of a 20 kVA, 2500/250 V, single-phase transformer at unity
i is 98% at rated load and also at half rated load. Determine

(a) the transformer core loss and okmic losses; and.
(b) the p.u. value of the equivalent resistance of the transformer.
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golution. It may be noted that

(0] 0pen-circuil test has 'been conducted on L.v. side, because 250 V during this test is equal
pthe rated voltage on Lv. side.
(if) Short-circuit test has been performed on h.v. side, since 60 V is a fraction (2 to 12%) of
e ated voltage on h.v. side.
10,000
2500
Ohmic loss of 45 watts is due to a short-circuit current of 3 A.

- Ohmic loss at full load current of 4 A

(@) Full load (or rated) current on h.v. side = =4A

:
P =45 [%] = 80 watts.
Fixed core loss P, =50 watts.

2
At08p.f. and at 2 full load, the core loss P, = 50 W, ohmic loss = [%) Py (%J 80)=5W

and output = %(10,000) (0.8) = 2000 W.
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___50+5
2000 +50 +5

i 50+(3f @0
Similarly 7 at § full load = 1 - T ——————————g; = 0.9828 or 98.28%.
3 (10,000) (0.8)+50+ 7

Atfull load, nuy_oS050 __
8000+ 50 + 80

5o+(gf(so)
=0.9828 or 98.28%.

§(10000)(0&)+5n+'§ (80)
e ' (4

“ natifullload =1 = 0.9732 or 97.32%.

=0.984 or 98.4%.

1
A1Z full load, n=1-

Th jonc 4 é
‘Wlin: efficiencies calculated above are the same whether the load pf is 0.8 lagging or 0.8

L
© the maximum efficiency occur at n times the rated kVA.

% Ohmi
Mic loss at maximum n = n(80) watts.

it may;
aXimum 1 occurs when ohmic loss = core loss
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ie.

n®(80)=50 or n= ng 0.79

. kVA output at maximum
n=n(10)=(0.79) 10)=179 kVA.

Nate that the kVA output at maximum efficiency does not depend 0

For maximum efficiency, ohmic loss = core loss = 50 watts.
. Total losses at maximum n = 50 + 50 = 100 W. The magnitude of maximum efficiency
100
100 o, 98.443%.
1 Ca5010.8)7 100 098443 or %
(c) From short-circuit test,

45
TeH="g

n the load p.f.

=5Q

z,”:?=20(2

x4y = V@07 - (B =19.35Q

Iy -ray_4x5
6= g = 0008 B

g = A = 20 o= =0.031.
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.. Voltage regulation at 0.8 p.f. lagging
=, c08 6, +¢, 5in 6
=0.008 (0.8) + 0.031 (0.6) = 0.0250 p.u. or 2.5%.

Vee
(Check. From Eq. (1.45), voltage regulation for a lagging pfis EL cos (8, — 8) p.u.
2

Full-load current
Now V,, for full load current = 60 % Current during s test

=60x~=80Vonh.v.side=8Vonlv.

V, I, co50, =P, =80 W
80

cos 0, =555 =025
or 6,=755° and @;=cos™'(0.8)=36.9°
- Voltage regulation at 0.8 p.f. lag
=2—:D cos (75.5° - 36.9°) = 2% cos 38.6=0.025 p.u.l
Ey-V,
Now “E 2.0.025 or V,=0.9T5E,
A !
. Secondary terminal voltage at full load = 0.975 Eq
or V, = (0.975) (250) = 243.75 V.

Voltage regulation at 0.8 p.f. leading.
=g, co8 6, — €, 6in B,
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=(0.008) (0.8) - (0.031) (0.6) = - 0.0122 or - 1.22%.
Check. Per unit voltage regulation at lending pi

> cos (8, +0,) = cos (75.5° + 36.9°)

°E, %
='%sm224°——00122pu]
By -V,
Now ’E—22=—o,0122 or V,=10122E,.

. Secondary terminal voltage at full load 0.8 p.f. lead,
V, =1.0122 E, = 1.0122 (250) = 253.05 V.
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single-phase transformer gave the following results
OC. test 220V, 2A,100W (v side)
SC.test 40V, TL4A,200W  (ho. side)

\Determinethe efcincy and approziniate regulation ofthe transformer at fill o
0.9 power factor lagging.

SOLUTION. From O.C. test, core loss P, =100 W
From S.C. test on h.v. side
Le=114A
Copper loss at short-circuit current
Prc=BcR, =200W

tests ona SKVA, 220400 V, 50 7.

Copper loss at full load
Pa=B;R, =(125x154=2406 W
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Efficiency at full load
full load out

=mn1mdm.xpuhuwppub,s+mloss
Valycos ¢ 5x%1000% 0.9

=V-‘l,ccs9+P¢+P,-5x1000x0.9+240.6+100
=092%pu or 9296%
From short-circuit test, V,,, =40V

Vae=hZ,
Voe _ 40
2 =g =e50

R+X=7Z
X, =VZ R =iF 157 =3150
€056, =09, 5n ¢, =04359
Approximate voltage regulation
=‘;—’1[xqmsofx(,sin.]=%a54xu.9+3,15xaa59)
=00862 pu or 862%
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wmb Examplo 1.47 © Follawing are th lest figures for the 4 KVA, 200/400-V, 50 Hz, single
phase tranformer.
OC. test - Valtage applicd to primary winding 200 V current 0.8 Amp, power 70 watt.
S.C. tst - Voltage applid to secondary wing»c 17.5 V, current 9 Amp, power 50 wat.
Caleulate i) Full load efficiency at (1) wnity pf. (2 08 pf
) Vollage at the secondary terminals when supplying full oad secondary
current at (1) wnify pf. (2) 08 pf. lag (3) 0.8 pf. lead.
IGU : Dec-2005, § Marks)
Solution : 4 KkVA, V, =200V, V; =400V, K= Vs / V, = 400/200 = 2
OC test: V=200V, 1, =084, W, =70W

)

SCtest:V, =175V, [ =9A, W =30W

= iron loss = W, =70 W

The voltage is applied 1o secondary hence melers are on the secondary side.

175
2. 1oma
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= Copper losses P, at a current of 9 A = 50 W

.. Full load copper loss

P (FL)

i) Full load efficiency

i wso
VA« 21
LR TR — T P L1 At —
M YReoneh, Pt T Txi0Tx 470+ 61728
= ses17 %
2 s = 08
4x107 08
[P L3 L L1 B— Y
T T TR0 w870 el 100 < 960462 %
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(L) = 10A
1 wse = 1, sing=0
Voltage drop = 15(FL) [Ra, coso+Xa, sine]
10[0.6172x1+1.8433%0) = 6172 V
i - voltage drop = 400~ 6.172 = 393.628 V.
6

2 w0s¢ = 08lag sino=
Voltage drop = 10 [06172X0.8 +18133x0,6] = 159974 V.
V = E; - Voltage drop = 400 - 159974 = 384 V
3 cos0 = 08lead, sin =06
Voltage drop = 1(FL) [Ry, cos¢~Xs, sinel
= 10(06172x08-18133x06] = - 6122 V
- - voltage drop = 400 - [ 6:122] = 406.122 V.

Key Point: For leading poscer factor, full load voltage is more than the o load voltage and
regulation is negative
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Solution.

. Losses
(@ M=1- Gutput + Losses
P.+P,
At full load, 098=1- o050+ P P
P+P, y
o @eaon PP 00
400
. P+ P = o5 =108 W
alfullload,  098=1-
2 1 1
3 (20,0000 <1>+Pn[2] P
« PotiPa 0.02
10000+ P+ { P G
1
o 1 200
PeiP n%,zmw
But P'+F‘=AOBW
3
2p, =204 W
& Pu=20 -
o = (204) L2J=272w.
g P.= 204-——>135w

(6) From Eq. (1.36)

Ohmic losses __272 . 0,0136.

Puvaleof 7,=“piiUA = 20,000
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Example 2,46
Open-circuit, and short-circuit tests were conducted on a SOKVA, 6 360/240V, 50 Hz, single-phase
transformer in order to find its efficiency. The observations during these tests are:

O.C.test: Voltage across primary winding = 6 360 V: Primary current = 1.0 A, and Power input
= 24W.

S.C. test:  Voltage across primary = 180 V: Current in secondary winding = 175 A, and Power

input = 2 kW,
Calculate the efficiency of the transformer, when supplying full-load at p.f. of 0.8 lagging.
Solution:
. 501000 _
0.C. test: W,=2000 W L, ;= 2050000 =208.33 A
S.C. test: Lyge =175 A; W, =2000 W

Loy
- Culossat full-load. P, = W, (M] =2000 (552

5
Efficiency = —20x 10" x08x100% __ _ g5 330, (ans)

50% 10° x 0.8 +2 000 +2 833
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Example 2.47
A 15 KVA, 440/230 V, 50 Hz, single phase transformer gave the following test results:

Open Circuit (LV side) 250V, 1.8A, 95 W.
Short Circuit Test (HV side) 80V, 1204, 380W.

Compute the parameters of the equivalent circuit referred to LV side.

Solution:

Transformer rating = 15 kVA: E, = 440 V: E, = 230 V: f= 50 Hz
Open circuit test (LV side); V, = 250 V: I, = L8 A; Wy =95 W
Short circuit test (HV side): V, . =80 V: [, =12 A: W, =380 W

From open circuit test performed on LV side;

LW o5
»= v, T250

L= 13— 12 = (1.8 - (038)* = 1.75043 A

=038 A
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- 5 _
X, = |72, - R = J(6.6677 - (26397 = 61220

i o k= B2 230 _
Transformation ratio, K = 7 = 245 = 0.5221

Transformer resistance and reactance referred to LV (secondary) side:
R, =R, xK=2639x (05277 =07211Q
X, =X, xK>=6.122x (052277 = 2673 Q
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Example 2.48
A 50 MVA, 60 Hz single-phase transformer indicates that it has a voltage rating of §KV: 78 kV. Open
circuit test and short circuit test gave the following results:
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Open Circuit Test: 8KV, 61.9 A and 136 kW
Short Circuit Test: 650 V, 6.25 kA and 103 kW.

Determine the efficiency and voltage regulation if the transformer is operating at rated voltage and
aload of 0.9 p . lagging.
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Solution:
Here, rating of transformer = 50 MVA = 50 x 10° VA
V, = 8KV; V, = T8 KV: Load p.., cos $=09 lag
Open circuit (LV side): V, = 8KV; ;=619 A; W, = 136 kW

Short circuit test (LV side):  V,,,, = 650 V: I,,,, = 6.25 kA; W, = 103 kW

From open circuit test, iron losses of the transformer,

Py=Wy= 136 kW

At rated capacity, full-load current of the transformer on LV side,

; _ Rated capacity _ 50 x 10°
n Vi 8107

=625 kA, the short circuit test is performed at full load.

.25 KA

Since &y = Iy

Full load copper losses, P,

103 kW

Rated kVAX cos ¢

Full-load efficiency. "= Rated KVA x cos ¢ + P, in kW + P, inkW

50 x10° x 0.9
50 % 107 x 0.9 +136 + 103

09947 = 99.47% (Ans)
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Considering the data of short circuit test;
‘Transformer impedance referred to primary,

Vi) 650 01040
heo  625x10°

o

‘Transformer resistance referred to primary,

W 103 x 10°

=00165Q
P Uy 625x10°)

‘Transformer reactance referred primary,

X, = |72, - B, =(0.104)" - (001657 =0.10317 @

sin ¢= sin cos™1 0.9 =0.4359
E =V~ LR, cos g~ 1,X,, sin §
= 8KV - 625 kA x 0.0165 x 0.9~ 6.25 kA x 0.10317 x 04359
= 8-00928 - 028107 = 7.626 kV

Load pf., cos ¢
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Voltage regulation, Reg 626 _ 004675 (per unit)

% Reg = 0.04675 x 100 = 4.675% (Ans)
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Example 2.49

Determine the percentage efficiency and regulation at full load 0.9 p . lagging of a 5 KVA, 220/440
V single phase transformer. When the following test data is obiained. OC. Test~220 V, 2 A, 100 W
on L. side; S.C. Test 40 V. 11-4 A, 200 W on HLV. side.

Solution:
From O.C. Test, Iron losses., P,

100 W;
From S.C. Test, Copper losses, W, = 200 W (at the load at which test is performed)

KVA x 1000

Full-load current on HV side, I, ¥
A

iie., SC Test is performed at full load since

Full-load copper loss, P, = W, =200 W

KVA X 1000 X cos 6,

WA 1000 x cong, + £ 7 F <%

Efficiency, 7=

= S0 X 005X 100 =9375% (Ans)
From S.C. Test: _Wattmeter reading_ _ _200
(Ammeter reading)’  (11.4)°
%’:ﬁg % 35090
(2., - (R.,) = (3509 - (1.539)" = 3.1530
Here cos ¢, = 09: sin ¢, = sin cos”! 09 = 04359

By VR cos 6+ 1, sin g,
=440 + 11-4 x 1539 x 09 + 11-4 x 3-153 x 0-4359 = 47146 V.

X100 = 6:67% (Ans)
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Example 2.50
The following data was obtained when O.C. and S.C. tests on a 5 kVA, 230/160 V, 50 He. transformer
were performed.

O.C. test (H.V. side) - 230V, 0-6 A, 80 watt
S.C. test (LV. side) ~ 6 V. 15 A, 20 wait

Caleulate the efficiency of transformer on full load at 0-8 p.f. lagging.
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mS cos ¢,
" S cos by By
B2d, m=1,c056,=08

1x100x10°x 08

""’uwoxm’xobnw,'

M0 10°x08
x 10

0.985

=100x10°% 08+ P+ P,y

(E1231)

Bx100x10°x1
Mg e o€ o
2 31010+ B+ P,

T b Loy
P,+;P,,,so><m’(‘m 1]_505

=099

(E1232)
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Solution:

From open circuit test, iron losses, P, =50 W

As short circuit test is performed on LY. side,
L,=15A

Full load secondary current, 1,

Copper losses measured at SC. test, W,

2
Full load copper losses, P, [ = ) X20 = 868W

Efficiency of transformer at full load 08 p.f. lagging

KVAX1000xcosd
KVA X 1000 X cos¢ + Pi + Pc

5% 1000 X 0.8

= SXT000% 0.8 +50 565 " 00 = 26% (Ane)
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Example 2.51
Following data were obtained on a 20 KVA, 50 Hz, 2000/200 volt distribution transformer

V (Voly) 1(Amp)  Power (War)
0.C. Test 200 4 120
S.C. Test 60 10 300

Draw approximate equivalent circuit referred to H.V. side and L. side. Also calculate efficiency if
the L. side is loaded fully at 0.8 power factor. What is maximum efficiency of the transformer at
power factor and also find percentage load at which the maximum efficiency is obtained.

Solution:
Here, Rating of transformer = 20 KVA; /= 50 Hz; V, =2000 V; V, =200 V

Open circuit test s performed at rated voltage, therefore, as per data given, it s performed on LV
side ie., secondary side

V, =200 V: [, = 4A: Wy = 120 W

Tron loss, P, = Wy = 120W
W _120
Wattul component. £, = 3 = 335 = 06 A
Magnetising component, 1,,,, = 15 - I, = J(4)° = (0.6)° =3955 A
Exciting resistance, R, = 2 = 200 — 333330

=5057Q

Exciting reactance, X,
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Short circuit test is performed at reduced voltage and almost at full-load current, therefore, as per
data given, itis performed on HV side i.e., primary side.

Vi = 60 Vil = 10 A W, =300 W
VA X 1000 _ 20 X 1000
hoo= Ty = T T 10A
‘The testis performed at full-load.
Copper losses at full-load, P, = W, =300 W
=520

o

2% (0.7 =0.052Q

‘The approximate equivalent circuit of the transformer referred to HV side and LV side are drawn
and shown in Figs. 2.54 (@) and (b), respectively. The values of various parameters are mentioned
in the solution.
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WA
L
L [
I, Ry Exy
(a) Referred to secondary side {b) Referred to primary side

Fig.2.54  Equivalent circuit
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Efficiency of the transformer of full-load, 0.8 power factor,

o KVAX1000x08
= WAX1000% 08 + B, + P,

20 x 1000 X 0.

X100

= 201000 x 0.8 + 1203 300 * 100 = 9744% (Ans)

Condition for maximum efficiency,

Copper loss = Iron loss

20

12k,

S IFT
L = (g5 =63246A

Fraction of the load at which the efficiency is maximum.

I ( 20 X 1000
x= 1, = 20x1000
Ty 2 = =300

= 63246 _

= 8246 _ o63246

B x x VA x 1000 x 0.8
Value of max. efficiency. flo,, = 5774 x 1000 x 0.8 + 120 7 120 * 1%
063246 X 20 X 1000X08 00

63246 % 20 x 1000 X 0.8 + 120 + 120
= 97.68% (Ans)

:IMA)
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Example 2.5
Open-circuit and short-circuit tests on a 4 KVA, 200400V, 50 Hz, one-phase transformer gave the
following test:

0.C.test: 200V, 14 100W  (onLV. side)

S.C. test: 5V, 10A, 8SW  (withprimary short-circuited)
(i) Draw the equivalent circuit referred to primary:
transformer at 0.8 p f. lagging, and leading.

ii) calculate the approximate regulation at the

OC. test (LV, side): V, = 200 V:

SC. test (HV side): V) = 15 Vi L, = 10 A W, =85 W
From open-circuit test:
W _ 100
5= 10054
V, D200

lag = V1 =12 = = (05 = 08664
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‘The equivalent circuit referred to primary side is shown in Fig. 2.5.

I Ryy=0210 310

Fig. 255 Equivlent circuit

Power factor of the load, cos §=
Full-load secondary current, I,

8; sin ¢ =sin cos™ 0.8 = 0.6
KVAX 1000 _ 41000 _
T T S04
(ii) Percentage regulation (referred to secondary) at:

L(Rycos ¢ + X, sing)x 100

@  08pf lagging =

5
_ 10085 X 08+1236 X 06) X100 _ 3 cyier (40
400
) 08pf leading = 10O8IX 081236 X06) X100 __ 1540z ()

300
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Example 2.53

When OC Test and SC Test were performed on a 50 KVA transformer the following resulls were
obuaine
Open circuit tests: Primary voltage 3300 V, secondary voltage 415 V, power 430 W

Short circuit test: Primary voltage 124 V, primary current 15.3 A, primary power 525 W secondary
current full load value.
Caleulate:

(@) The efficiency at full-load and at half-load for 0.7 power factor.
(b) The voltage regulation for power factor 0.7: (i) lagging (ii) leading
(e) The secondary terminal voltages corresponding 1o (i) and (ii).
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Rating of transformer = 50 kVA: Power factor = 0.7

Open circuit test (primary)

= 3300 V; V, =415 V: W, =430 W

Short circuit test (primary): V, , = 124 V: I,

- =1S3AW,=525W

=
Short circuit test s performed at full-load secondary current,
Full-load copper losses, P, = W, =525 W
Tron losses, P, = W, =430 W
When pf., cos =07
. __ kVAX1000xcos ¢
@ Fullload efficiency. 1, = o o0 o 6+ P o 7

o S0x1000x07 -
= 501000 x 0.7+ 430 7 525 100 =97:34% (Ans)

0.5kVA X 1000 X cos &

Efficiency at half-load, = E X TEXORE
s ™ GSKVA X 1000 x cosg + B, + 057,

0.5 x50 X 1000 x 0.7

————03x50x1000x07______ 00
0.5 50 x 1000 x 0.7 + 430 + (0.5)" x 525

=96.89% (Ans)

() Transformer impedance referred to primary,

Z,

Transformer resistance referred to primary,

W, 525
R, =
P Uy (153)

=22430
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Subtracting (E1.23.2) from (E1.23.1), we get
3
3 P=713, Pg=9507W
P=1218-9507=2673 W

Full load current on the secondary side

_100x 1000
= 11000

At maximum efficiency,

7
Im:lz,'\J—ﬁ =909 \/3%3 —amA

=9.09A
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‘Transformer reactance referred to primary,

=617 - (243 =77830

At3300 V, primary full-load current,

501000 _
1= 80 =155 4
For p£. cos sincos™! 07=0714

~IR,cos -1, X, sin §

=3300- 1515 x 2.243 x 07 - 15.15 x 7783 x 0714

192V

3300 - 3192

X100 o0

* 100 =3.27% (Ans)
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For p. cos ¢= 07 leading; sin ¢ = sin cos™ 07 = 0714

E\=V,~I,R,, cos g+ 1, X, sin ¢

= 3300 - 1515 x 2.243 x 07 + 1515 x 7783 x 0714

= 3300 - 23787 + 84.189 = 3360 V

_V-E _ 3300 - 3360
%R, = =t xi00 = B2

X100 =-1.82% (Ans)

(©) Secondary terminal voltage at 0.7 . lagging:

a1s
Vo= E,=KxE, where K= 43

415 .
g ¥ 3192 =402.4V (Ans)

Secondary terminal voltage at 0.7 p. leading:

VD= B = KXE = 3360 =422.5V (Ans)
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Example 2.54
A 10 VA, 25007250V, single phase transformer gave the following results:
Open circuit Test: 250V, 0.8 A, 50 W
Short circuit Test: 60V, 34, 45 W
Determine
(@) Equivalent circuit parameters referred 1o LV side
(b) The efficiency at full load and 0.8 power factor lagging
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(&) Load (KVA) at which the maximum efficiency occurs
(d) Voltage regulation at rated load and 0.8 pf leading
() Secondary terminal voltage at rated load and 0.8 pf lagging.
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Solution:
Transformer rating = 10 KVA; E, = 2500 V; E, =250 V

As per data, open circuit test is performed on LV side and short circuit test is performed on HV side.
Open circuit test (LV side); V, =250 V; I,= 0.8 A; W, =50 W

Short circuit test (HV side); Vy,,, = 60 Vi I, = 3A; W, =45 W

(@ Open circuit test pertormed on LV side given;

1,=08A, % S0 -02a
A
L= g =12 =087 ~(02) =07746A
Exciting resistance, R, = ;’J - % 1250 © (Ans)
Exciting reactance, X, = Yy _ 250 3330 ns)

T 07746
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Short circuit test performed on HV side gives;

Vieo _ 60
Z~r’E’T’m°
W _ 45

R, = e
I ) OF

X, = 72 - R, =Jaor (5 =136
ion ratio, K = 22 = 250 _
‘Transformation ratio, K = i =01
Parameters, when referred to LV side;
R,=KxR,
X, =KX,
i 0 X 1000 _
(b) Full-load current on HV side, 'W’)= 10X 1000 _ 44

I Y 2
Cq;pulmmﬁll.l—lmd,lﬁ:[,"i] XW, :(%) X45=80 W
o)

Tron loss, P, = Wy =50 W
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Efficiency at full-load, 0.8 p. lagging:

KVA X 1000 x cos &
T AVAX1000 xcos ¢ + P, + P,

10 X 1000 X 0.8
101000 x 0.8 + 50 + 80

(©) Fraction of load at which the efficiency is maximum;

P[50 _
J;‘,\/;,nfm

Load in KVA at which the efficiency is maximum
= xxrated KVA =079 x 10=
)8 leading: sin ¢ = sin cos™ 0.8

X100 =98.4% (Ans)

9 KVA (4ns.)
(d) When pf, cos g=

Vy= Ey,~ LR, cos g+ 1, X, sin ¢
=250-40x 005 X 0.8+ 40 x 0.1936 X 06
=250

6446464 =253 V

% Reg = 272 5100 = 250=253 19

5 =-1.2% (Ans)

(&) When p.f. cos ¢=0.8 lagging: sin = sin cos 08=06

Vy= By~ LR, cos p-1, X, sin §
25040 x 0.05 x 0.8 + 40 x 0.1936 x 0.6
=250~ 2.6-4.6464 = 24375 V (Ans)
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870, A transformer has the following test data:
Test no. 100% voltage, 6% current, p..
Test no. 8% voltage, 100% current, p.
Identify the tests. Calculate the efficiency and percentage regulation at full load and unity
pf.
Solution

As in test no. 1, full rated voltage is applied and the current is very less so the test must be
no load test or open circuit test.
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As in test no. 2, rated current is flowing and the applied voltage is very small so the test
must be short circuit test.
From test no. 2

08

2= 98 _o08pu.
100 P

R=2,cos 6= 008 x 0.4 = 0.032 pu.
X = 0.08 x sin (cos™ 0.4) = 0.0733 pu.
where Z, Rand X are the p.u. values of equivalent impedance, resistance and reactance.
‘The regulation at full load and unity p.f. = (0.032 x 1 + 0.0733 x 0) = 0.032 or 3.2%.
From test I core losses = V7 cos 6, = 1 X 0.06 X 0.25 = 0.015 p.u.
From test 2 full load ohmic losses (= PR) = 12 x 0.032 = 0.032 p.u.
Total losses = (0.015 + 0.032) p.u. = 0.047 p.u.
Losses 0.047

Ouput+Loss  1+0.047

Efficiency = | - =0.9551 or 95.51%.
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833 Short circuit test performed on the h.v. side of a 100 KVA, 66001440 V., single-
phase transformer yields the following results: 100 V, 6 A, 200 W. If the low voltage side

is delivering full load current at 0.8 p.f. lag and at 440 V find the voltage applied to the
high voltage side.
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EXAMPLE 1.24. A single phase transformer working at unity power fucto has
officiency of 90% at both half load and at the full-load of 500 W. Determine the effice
at 75% full load and the maximum ficiency.
Vb cos ¢
M Vieos+ P+ Py

SOLUTION.

2504 P+ }P,ﬁ
From Egs. (E1.241) and (E1.24.2)
500
500+ P;+Pg= 00

1, 2
250+ P+ P

Solution of these equations gives ‘
Pp=37.04W

FPa=, X 04=1852W

Efficiency at 75% full load
500x3/4

500x3 q.( Pa

o 375
= 9
7541524 x37.08

=0905pu
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(iii) From short circuit test data,
20
Ropy= — =222Q,(Zg) =
o= o o)

and (Xpp) = y(16.67)* —(2.22)° =1652Q.

If V, be the terminal voltage then,
Ey= V3= Iy Rgy cos 0y + I Xy sin 0y, where E, is the secondary voltage under no
load condition and cos 6 is the load p.f. which is unity in this case.

a (2000 - Vy)= 4222 % 1+ 16.52 % 0)

or (V3) =2000 - 8.88 = 1991.12 V.

EUSSTI
3
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1 25% = 025
2 50% = 05
3 100% = 1

The 1oad for Ny, is,

KVA for Tl

v
KA

= 829156 kvA

Thus the load must be 8291% of normal load for maximum efficiency for both the
power factors.
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835 The following results were obtained in tests on a 50 kVA, single-phase,
3300/400 V transformer.

Open circuit test: 3300 V, 430 W

Short circuit test: 124 V, 153 A, 535 W..

(supply given on h.v. side)

Calculate (i) the efficiency at full load and half full load both at 0.707 p.f. lagging, (ii) the
regulation at full load for p.f. of 0.707 (lagging and leading) and (iii) full load terminal
voltage under the condition of 0.707 p.f. (lagging).

Solution
For short circuit test data,
124 535
Zy==Q=810Q Ry = ———-Q=2285Q
7153 2 Ror 153y

71 Q

Xor = B - (2285)
50,000

(i) Rated current on the h.v. side = ———— A =15.15 A
3300

2
So, rated copper loss = 535 x (m) =52456 W

Iron loss = 430 W
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Efficiency at full load and 0.707 p.f. lagging
50 % 10° x 0.707

" 50x10° x0.707 +524.56 + 430
Efficiency at half load and 0.707 p.f. lagging is

50x10° xo.m‘lx’E

-=— = = 0.9623 0or 96.93%.
1

50x10°x @707)x 3 *(3]2 52456 +430
(i) Voltage regulation at full load and 0.707 lagging p.f. is
I Ry cos8+1; Xy sin0 _ 15.15(2.285X0.707 +7.77 0.707)
= E = 3300
= 00326 = 3.26%
Voltage regulation at full load and 0.707 p.. leading
Ry cos0=1, Xy sinf _ 15.15(2285x 0707 ~7.77 x0707)

E 3300
= (-0.0178) or (~1.78%).

=0.9737 or 97.37%.
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8.63 The following results were obtained in tests on a 50 kVA, single-phase,
/400 V transformer.

Open Circuit Test:

Primary voltage 3300 V, Secondary voltage 400 V. Input Power 430 W.

Short Circuit Test:

Reduced voltagé on primary (124 V) to give full secondary current, primary current is

15.3 A and input power 535 W.
Caleulate

(i) The efficiency at half load at 0.707 p.f. lagging.
(i) The regulation and terminal voltage at full load for p.f. 0.707 leading.
Solution
From open circuit test iron losses = 430 W.
From short circuit test copper losses = 535 W.
Under short circuit test applied voltage = 124 V
and primary current = 15.3 A.
Hence equivalent impedance referred to the primary winding
. 124
=2g-s10
o= 153
Equivalent impedance referred o the secondary winding

2 2
Zoy=Zp % [z ] =8.1x (%] 01199
h

1f 1, is the primary current and Ro, is the equivalent resistance referred to the primary then
3Ry =535
_ 535
(153

or Roy =2285Q.
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Hence equivalent resistance referred to secondary is

2
400

Rpy=2285% [ —=-| =003357Q

(33(1))

Xop = (0.119) 7)? =0.114 Q.

50x10°

Full load secondary current /, = ~A=125A

400
) load at 0.707 p.f. lagging

1
2

(i) Efficiency at [

50x10° x L 0707
e X 100% = 96.92%.

50x10° x %xo.musoa,(z) x535
(ii) Regulation at full load for p.f. 0.707 leading

1
- E—’(Rm cos 8, - Xy sin )

= % 10.03357 x 0.707 - 0.114 x 0.707} = -0.0178 or, ~1.78%

v,
Again, [l— E’] = (~0.0178), where (V,) is the terminal voltage.
Hence, Vy = (1 + 0.0178) E; = 1.0178 x 400 = 407.12 V.
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14170 A single-phase transformer of 500 kVA capacity has an iron loss of 4.5 kW and
a'full-Toad copper loss of 7.8 kW.

Calculate (i) The efficiency of the transformer at half-load for a power factor of unity.
(i§)Also calculate the load for maximum efficiency and the value of maximun efficiency
‘when the power factor is (a) unity (b) 0.7 (lagging).

Solution
Since copper loss @ (current)?
Copper loss a (kVA)*
(i) Half-load copper loss at unity power factor = 7.8 x0.5% = 1.95 kW

Iron loss = 4.5 kW (given).

The total losses = 1.95 + 4.5 = 6.45 kW

Transformer output (at unity p.f.) = 0.5 x 500 = 250 kW.

Output power 250
Input power 250+ 645

‘We know the condition of maximum efficiency occurs when copper loss equals the
iron loss. Let the maximum efficiency occurs at 1/x of the full-load kVA, thus

X 100 = 97.5%

Efficiency n

Full-load copper los:
Tron loss = - ood COPPE 0%
2
Full-load copper
Thus Full-load copperloss _ [78 _, 31
Tron loss a5
. KVA for maximum efficiency = 500 X —-— = 380 KVA.

1317
and total losses at maximum efficiency = 2 X Iron loss

.0 kW.
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(i) (2) When p.. is unity
Output power = kVA x 1 = 380 kW
Total losses = 9 kW

5 Efficiency = 30
38049

% 100 = 97.7%.

(b) When pif. is 0.7 lagging
Output power = 380 X 0.7 = 266 kW
Total losses = 9 kW.
266
(266+9)

efficiency = x 100 = 96.7%.
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2

Se th= 2= =0.1A.

condary current 70
Primary current /, is to be found out.
Now for an ‘ideal’ transformer, Output power = Input power.
- Vy h=Vyx1,

Vi, 22x01

Vi

I =001 A.
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14,177, A wransformer has maximum efficiency 7 at 95% at a load of 100 kW. Determine
he constant loss of the transformer.
Solution

We know at maximum efficiency.
Constant loss #; = copper loss W,

. outout power
efficiency)py; = —————r——
i Ve output power +2W;
100x10*
or 095= ———
100x10° +2.W,
or 2 W; % 0.95 = 100 x 10° - 0.95 x 100 x 10°

100 10* (1 - 0.95)
2x095

=2631.58 W = 2.63 kW.
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mmp Example 110 : A 4 kVA, 200/400 V, 50 Hz, single phase transformer has equivalent
resistance referred to primary as 015  Calculate,
i) The tolal copper losses on full load.
i) The efficiency while supplying full load at 0.9 pf. lagging.
iii) The efficiency while supplying half load at 0.8 p . leading.
Assume total iron losses equal to 60 W.
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Solution : The given values are,
V;=200V,V,=400V,S=4kVA, R, = 015Q P, = 60 W
400 _

K = 200 2
Ry = K?R, = (2?x015=06Q
_ KVA _4x10°
(M) FL. = V_;_W_IOA

(i) Total copper losses on full load,
(Po) FL. = [(l) L Ry, = (10)? x06 = 60 W
(ii) cos 6 = 0.9 lagging and full load

VA rating cos§

- %N = YR rating cosg+ 7, + (P

x 100

4x10% x0.9

A0 x0T 00 - 9677 %
Tx10°x09 re0ren 0 7%

n =

(iii) cos ¢ = 0.8 leading, half load
As half load, n = 05

(PIHL. = n?x(Py)F.L= (05 x60=15W
WX (VA rating) coso
%N = (VA rating) cose+ B, + (P HLL. <100
s
J o 0BXITX08

05%4x10°x08+60+15
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mmp Example 1.41 : A 250 kVA single phase transformer has iron loss of 1.8 kW: The full
load copper loss is 2000 watts. Calculate
i) Efficiency at full load, 0.8 laggng p.f
ii) KVA supplied at maximum eficiency.
i) Maximum efficiency at 0.8 lagging pf.
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Solution : The given values are,
P, = 1800 W, (P,)FL.=2000W
(VA rating) cos ¢
(VA rating) cos 0+ P, + (P F.L.

i) %n x 100

"

250%10° 0.8
= —— X100
250x10% x 0.8+1800 + 2000

= 98.135 %

i) KVAatng,

KVA rating x

1800
2000
= 237.1708 kVA

_ KVA atn, xco50
i) %Mo = VAt x cos¢e D3 <10

where Py = P, =1800 W
2371708x10° x08
% = x100
Mews = 2371708%10° x08+2x1800

= 98137 %

250x

"
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b Example 115 : Two similar 200 kVA, single phase transformers gave the following
results when tested by Sumpner's test :
Mains wattmeter Wy = 4 kW
Serics wattmeter Wy = 6 KW at full load current
Find out individual transformer efficiencies at,
i) Full load at unity pf. i) Half load at 0.8 pf. lead

Solution :  The given values are,
Rating = 200 kVA, Wy =4kW, W,=6kW
W, = Iron loss of both the transformers

B = Y;l - ; = 2 KW for individual transformer
W, = Full load copper loss for both the transformers

(PJFL. = 3 KW for individual transformer

VA rating cos ¢,
VA rating cos0; + P, + (P F.L.
200%10%x1

e X100 = 9756 %
200x10° x1+2%10% + 3%10°

i) At full load, %n

X100 with cos ¢ = 1
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ii) At half load, cos 0, = 08 and n = % =05

nX(VA rating) xcos 0

B = P2 ——x 100
nx(VA rating) Xcos¢, + P, + n? x(P,) F.L.
(PHL. = n?x(P,,)F.L where n = fraction of full load
200107
%n = 05x%200x10° x08 100

05X 200%10° x08+2x107 +(03)7 X310

= 9667 %
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mep Example 1.22 : A 500 kVA transformer has an iron loss of 500 W and full load copper
loss of 600 W. Calculate the eficiency at ¥;"full load and 0.8 power factor. Also calculate
the maximum ffciency at that power factor.

Solution : T, = 500 W, P, (F.L.) = 600 W, n = 3/4 = 075, cosé = 08

nkVA cosd

—nMVAoH
WKVA o+ P, +0? Py (F.L)

%n =

0.75%500X10? X0:

—__ O7TxS00x10Tx08 g0
0.75x500x10° x0.8+300+(0.75)° x 600

= 997216 %

= 456435 VA

and Py = RaS00W for T

KVA for Tl co50

Mo = Tor T cos0 ¥ T, 71

z
3
g
3
7

"

x100

456435x10° %08
336435107 x08+500+300

= 997268 %

100
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e Examplo 1.23 : A single phase transformer working at unity p. has an effciency of 0%
at half of il load and full load of 500 kW. Determine is iron and full load copper loss.

Solution : For both half load and full load, efficiency is 90 %.

Let P, = Tron loss and P,(F.L) = Full load copper loss
Py = 500 KW for full load = KVA coso
L
B R e o e am i
09 = bzt

S0X107+F, +P(F L)
B4R, (FL) = 55555555 )
Forhalfload,  n = $=05

NPy

R Y ey T
09 = 05x500x10°
05x500x10° +F, +(05)° xP,(F.L)
o B 0P (FL) = 27777777 @
Sublracting (2) from (1)
075 P (L) = 27777777

PL(EL) = 37037.057 W ... Full load copper loss
- R o= 185857 W Iron loss
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inmb Example 1.27 : The maximum cfficiency of 50 KVA. transformer is 97.4% and. occurs at
0% of the full load at unity poweer factor, Calculate the effciency of transformer at,
i) Full load 0.8 power factor lagging

i) Half load 0.9 power factor.
Solution : 50 KVA, Ty, = 974 %, 1 = 0.9 for Ty, cos 0

VA ratingxcoso

N = FYR ramgwcorgr 2, <10 Pen fOF Mo
09x50x10°x1
774 = Gowdoxiorwivan,
P, = 600616 W .. Tron loss.
7,
KVA for i, = KVA rating iy
- 21 [B006T6
4 09XIs0x10%] = [50x10°)x [ERER
(o). = 741502 W . Full load copper loss
) Full load, cos ¢ = 08 lag.
R VAratingxeoso o0 50x10°x08
R = VA TalingXcos 6+ Ty + Py S0X10° %08 + 600616 17415012
= 967536%
i) Half load, 1 = 05, cos & = 09
s - VA mting xcost 05 x50x10° x08

VA raimg xeosd + B+ nilfly O 0500 05+ GOLTa+ (05 TAT0TE
- 962186 %
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Wy Examplo 131 : The maximum officiency of a 500 kVA, 3300/500 V, 50 Hz single phase
transformer is 97% occurs at 75% full load wpf. If the impedance is 10%. Calculate the

regulation at full load 03 p . lagging.
Solution  75% load = 3/4 th of fullload
Mn‘uurpu(olﬂwlm:%kvl\cmo 00% 3 X125 KW . cos 9=1

Power output
% BIRCINSY = Posver outputi Py,

Tron losses.

where T, = Copper losses, T,
Now it is given that maximum efficiency occurs at 3/4" load and at maximum
efficiency Pe, = P,

097

75 375
FED AT, FeaD,

097 (375 + 2] = 375
= 57989 kW
At maximum efficiency, n = 075 fraction of full load.
Atthisload, Py = P = n?P, (FL)
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57989

R
L) = 15257 _go3w
¢ w7y
Po(EL) = 103KW
Full load current in primary winding is given by,
500x1000
tn = Ty - 19154

Total winding resistance refer to primary is given by,

_ Pu(RL) 103100
() (515}

Let Vi, Vy, V. be percentage resistance, reactance and impedance respectively.

44876 ©

_ LRy (515)x044876
Vo = Hgteaon - R
Vo = 206%
v, = 10%
Ve = 10y

By approximate formula of regulation,

% Regulation = Vg coso-+ Vy sing.
(206) (08)+ (97855) (06)
=732

Regulation = 7.52%

1648458713
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SOLUTION.  P;=1300W, Py,=1200W, cos¢=1
-_ocuput ____ Vihcosp
M= cutput + losses. Vi cos 6+ P+ Py
100x1000x1
~100% 100031+ 1300+ 1200 ~ 9756 Pu

50X 1000-+1300+ 5 x 1200

EXAMPLE 1.26. The maximum effciency of a 100 KVA, 1-phase transformer s 98%
s at 80% of full load i 0.8 pocer actor lagging. If the leakage impedarc of the
5 5%, find the voltage regulation at full load.

5008 ¢
SotuTIoN, M S e 6,138,
098 _08x100X1000x 08
T 08X 100x1000x 05 + 27,
64000

0% = 000+ 28

64000
G000+ 2k om
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1020 _
100x 1000~ 20102

K-
Zaa %:Imﬁ
B
Ko

Z,’, 3 Krlw
= V(057 - (0.0102)" = 004895
Voltage regulation for lagging p-£.
=0,,€05 8+, 510 6,= Ry c05 ¢, + X sin ¢,
=0.0102x0.8+0.04895 X 0.6
=003753pu or 3753%
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EXAMPLE 1.27. A 20 KVA, single-phase transformer of 1100/220 V has an iron loss
0f 175 W ; the resistance of the primary winding is 0.25 2 and that of secondary is 0.012 Q.
The corresponding leakage reactances are 1.1  and 0.055  respectively. Calculate the
percentage resistance and reactance drops at full load and power factor 0.8 lagging. At
what percentage of full load will the efficiency be maximum ?

SOLUTION. R,=0250Q, R,=0012Q, X,=118, X,=0055Q

Ty _Vi_1100
TV, 220

T,
R =Ry +R, [ﬁT=a012+c.u [%]’:o.ozzn

2
XXX [%] =0055+1.1 [%T:oms Q

* Secondary full-load current

11:%@5;0.91 Q

Percentage resistive drop

Percentage reactance drop

LX, 90910099
T ix100= BT

Fulk-load copper loss =I7 R, =(90.91x 0.022 = 1818 W

1 w'r A
At maximum efficiency ="V 5 = V-2 20981 =98.1%
by e

L 1818
‘Therefore at 98.1 percent of full load the efficiency will be maximum.

x100=4.09%
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EXAMPLE 1.29. The maximum efficency ofa S00KVA, 3300/500 V, 50 Hz, 1-phase
eris 0.97 pu and occurs at 75% full load and unity power factor,If the leakage
e s 10% calculate the voltage regulation at fll load, power fuctor 0.8 lagging,

SOLUTION. VI, =500x10°, m=075, cos¢,=10
At maximum efficiency P, =P,
mVyl, cos 6,
M= 72T, cos 6+ 27,
0.75x500x10°x 1

097=__-2X20.

0.75x500x 10°x 1+ 2P,
P=579W
At maximum efficiency

Zon =Rt X3
X =Ny~ Ry, = V(017 = (0.02061)7 = 0.09785
Per-unit voltage regulation
=R €05 63+ X i 6, = 0.02061 x 08 +0.09785 % 0.6
=00752
Percentage voltage regulation = 0.0752 x 100 = 7.52%
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EXAMPLE 131. Two similar 250 KVA single-phase transformers gave the following
s when tested by back-to-back method :

Mains wattmeter, W =5.0 kW
Primary series circuit wattmeter, Wy=7.5 kW (at full-load current).
Find out the individual transformer efficiency at 75% ful load and 0.8 p.f. lead.
‘SOLUTION. Iron losses for both transformers

= reading of wattmeter W, =5.0 kW

bmhssiormcnm[nmer}’,ei:ljkw

Full-load copper losses for both transformers
= reading of primary series circuit wattmeter Wy =7.5 kW
Full-load copper per loss for one transformer P, = % =375KW
Copper loss of one transformer at 75% full load
=075 P,
=(0.757x3.75=2109 kW
Oxutput of each transformer at 75% full load and 0.8 power tactor

=75% of kVA at full load X power factor

=5 z
7(lwxm]X0.8—150kW

- Efficiency at 75% full load
outputat 75% full load

output at 75% full load + P, (075)’}’,’

150
150+25+2109

9702 pu=97.02%
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Example 1.10. The equivalent circuit referred 02 9

T
to the low-tension side of a 250/2500 V sungle
phase transformer is shown in Fig. 1.18 (@). The
load impedance connecied to the high-tension N,
terminals is 380 + 230 Q. For a primary voltage Vo 50 250 iy,
of 250 V, compute ]
(@) the secondary terminal voltage,
(5) primary current and power factor, and  e————t—————————
(c) power output and efficiency. Fig. 119. o) Transformer equivalen irui or
Solution. (a) The load impedance referred to Beampi 130
14, side is L L o0 om

e —

2
N,
z,;:(asm;’zau;[ ‘]:(asqzayn T
\N’

Transformer leakage impedance 0.2 +;0.7 ohm V=250V
and the load impedance 3.8+ 23 Qareinseriesas | 500
shown in Fig. 1.19 (b). Therefore, total series im- | U

pedanceis 4 +j3=5 £ 36.9°

Fig. 1.19. () Pertaining to Example 1.10.
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Taking V; as the reference phasor,

V, =250 0"

7,2 250£0°
1752369
=50 (cos 36.9° - sin 36.9°) = (40— 30) A.

|y 1
(=50A  and Dl glesoxse

or
. Secondary terminal voltage = I; Z;
=5 (3807 + 23077 = 5 x 444 = 2220 V
_Vi_2s0z0° o 4
(6)The core loss current T, = gt = 25055 =05 £0°=05 4+ 0
- - Vi 2020 1
The magnetizing current I = 5 = o270 = 14 =90° =0~ 1.
». Exciting current I=1+I,=(05-j)A
Hence total primary current I, =1, +1,
=(40-730) + (0.5 -j1) =405 —j 31 = 51 £~ 37.4°
. Primary current L=51A
and primary p.f. = cos 6 = cos 37.4° = 0.794 lagging.
380
() Load p. =cos 0= — 900 _ 0,855
L * 7 1380%230%

=V, 1, cos 6, = 2220 x 5 x 0.855 = 9500 watts
=(I))* Ry, = (50)* (3.8) = 9500 watts.
i _ @502
Core loss P=gi=C00 =125 watts
P. =R, = (0.5 (500) = 125 watts.

Power output
Also power output

or
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Ohmic loss Por =V r = 501 (0.9 = 500 watts.

Power input. Vil, cos 0, = (250)51)(0.794)-10,125 watts,
Also Power input = Power output + 1 pgges
9500+ 125 + 500 = 10,125 wats,
SfTiciency = QUPUE _ Input — Logses
Efficiency T
=y-Losses 5004195 93.83%
=1 Topur =1 TG o = 0938 pu. or
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Example 1.23. In a transformer if the load current is kept constant, find the power factor

at which the maximum efficiency ocurs.
Solution. For a constant load current, the ohmic losses P,. are constant. Core loss P, is

already a fixed quantity. Therefore, total transformer losses are constant for a constant load

current. Now the efficiency is
V, 1 cos 8,
=V, 1, cos 8, + constant losses (C)
The power factor at which maximum efficiency occurs can be obtained by equating

9N _ ) From the above expression for efficiency, we get

a8,
dn _ (V; 1yc0s 8+ CI Vy Iy( = sin 6) - (V; [y c0s 85) Va Iy (- sin &)
a8, [nttp://easyengineerins 58, + CI"

or (V1) sin 8, cos B ¥ C.V3 1y 7, I,)? sin B, cos 8,

or sin@,

Power factor  cos B, =

Thus the maximum efficiency, for a constant
load current, occurs at unity power factor. H
It is seen from Eqn. (1.53 ()) that the load
current at which maximum efficiency occurs does
not depend upon the load power factor because

9

Percent efticiency

P, andr,, are almost unaffected by a variation in ¥ ¢ i
the load power factor. o [
A reduction in the load power factor reduces the & e

transformer output and therefore the transformer
efficiency is also reduced accordingly. Fig. 1.29

illustrates the effect of p.f. on efficiency. Note that 0 o5
transformer efficiency is maximum at the same load Per unit Leos current
current regardless of variation in the load power Fig. 129, Effect of load p.f o5 tians armer

factor. efficiency curve:
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single phase transformer is 98% and.

Beanpl a0} - 100kVA,
xample 1.30. The maximum efficiency of a ransformer is 5% find the

occurs at 80% of full load at 0.8 pf. If the leakage impedanc of the
voltage regulation at rated load of 0.8 pf. lagging.

Solution.  Efficiency 1= Omg‘:‘* :zsm

Output + Losses _ 1 _, , Losses

- Output 7= 1 Dutput
- Losses =[:‘ = )}Omput
Output at maximum 7 =(100,000) (0.8) (0.8) = 64,000 w.
Total transformer losses =(ﬁ = 1] (64,000) = 1308 watts.
1308

At maximum 1, ohmic losses = core loss P, ==~ =654 W

These ohmic losses of 654 W occur at 80% of full load current.

.
. Ohic losses at full oad = 654 (%EJ -1022W

FromEq.(L36),  Fpu= “}3’% 0.0102:

Itis given that 2,2 005
%, = V(0.05) - (0.0102

05 0, + €, sin 0,

0.01022) (0.8) + (0.0489) (0.6) = 0.0375 or 3.75%.

0489

Voltage regulation





image49.png
Example 131. The full-foad voltage drops in a single-phase transformer are 2% and 4%
du respectively to resistance and leakage reactance. The full-load ohmic loss is equal to the iron

lass. Caleulate
(a) the efficiency on full load at unity p.f.
(b) the full-load p.f. at which voltage drop is maximum and
(c)the load p . at which voltage drop is zero.
Solution. Percentage full-load voltage drop in resistance
2110000
B
Percentage full-load voltage drop in leakage reactance
I;;"‘ x100=4
2

Lr,
(a) From above, 202 _q09
1k,

<. Fullload ohmicloss ~ =0.02 x Rated VA = Iron loss (given)
Full-doad RatedVAx1 .40

" Rated VAx 1+1,% r + Tron loss
Rated VA x 100
~ Rated VA +0.02 x rated VA + 0.02 x rated VA
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_ 100

=104 = 96:154%

) Maximum voltage drop means maximun voltage regulation Therefore, full-load p £ at
m‘:h wltage drop is maximum
o

na_percentager, o
"2 percentages,, = V3T, g7 - 04472 lageing
¢ Laad p.f at which voltage drop is zero

percentage

4
= 7y = 0.8944 lcadi
percentagez,, V2o a7 " 2FIn
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b Examplo 1.32 : A single phasc transformer has percentage regulation of 4 and 4.4 for
lagging power factors of 0.8 and 0.6 respecticely. The full load copper loss is equal to iron
loss. Caleulate

) The lagging p. at which ful load regulaton is meximum

i) The il load maximum fficiency at wnity p .
Solution : The regulation interms of per unit values is given by,

%R = [Vy 00 Vy sin 0]x100
Where Vg = Per unit resistive drop and Vx = Per unit reactive drop

cos 9=08, 4 = [Ve0B+Vy06]x100 -
cos0=06 44 = [Vy06+Vx08]x100 @
Salving (1) and (2) we get,

- Vg = 002i0.2% and V=004 ic.d %
] BR = [V cosos Vy sin0]x100
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R = Vycoso+ Vysing

For maximum regulation, 4% (R] = 0

.1% [Vi cos o+ Vy sin]

Vysing+Vycosg = 0

tang

P, for maximum regulation

B T——
i) Vo = 2% e (P is 2 % of output
(Pudre = 2 % of output for N,
Let 100 e B= P = 2
Output 100100 100= 9615 %

* Output+ Losses 0+2+3
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. Example 1.33 1 A 5 KVA, 2300/230 V, 50 Hz transformer was tested for the iron losses
with rormal excitation and copper losses at full load and these were found to be 40 W and
112 W respectiely. Calculate the cffcincics of the transformer at 0.8 power factor for the
Jollowing KVA outputs :
125,25, 375,50, 625 and 75
Pl effciency V. kVA output curve.

Solution :  5KVA, 2300/230V, B, =40W, P, (FL)=112W, cos¢=08
Sr. | kA | n = traction of full load | New P, - n[total VA] cos
No. | output - actual VA |t (L) | %SG VA cosg + Py new P <O
oI KVA
[HRED 02 7 9551%
2| 25 os » 1%
5 | s ors ) osces%
Al s v 2 903304
5 | s 125 s oser
o | 15 s = os350%

‘The efficiency against KVA output curve is shown in the Fig. 1.58.
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- Example 1.34 : A 100 VA, 1000/10 RV, 50 Hz, single phase transformer has an iron
loss of 1100 W. The capper loss with 5 A i the high voltage winding is 400 W. Calculate
the effciencis at 1) 25% i) 50% and i) 100% of normal load for power factor of 1) 1.0
and 2) 0. The output terminal voltage being maintained at 10 V. Find dlso the load for
maximum ffciency at both power foctors

Solution : 100 VA, 1000/10KV, P, = 1100 W

When 1, = 5A, P, =400 W

X400 = 1600 W
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> Example 1.46 1 A 11000230 V, 150 kVA, 50 Hz, 1 phase transformer has a core loss of
14 kW and full load cu loss of 1.6 kW. Determine (i) KVA load for maximum efficency
i) The effciency at half load at 0.8 pf. lagging. [GU : Dec-2003, 4 Marks]

Solution : V, = 11000 V, V, =230V, 150KVA, F; = 14 kW, P, (FL)= 16 kW
) The kVA load of maximum a/ﬁzimzy -

14
KVA atn,,, = KVAx. FJFF 5
= 1903121 KVA
i) Half load hence n = 05, cos ¢ = 08 lagging
nxVAcoso

g, = T
M = TXVA cone s, +In? B}

X150x10° 0.8 e
T5x130x10° x08+14x107 +[(05)7 x1.6x107]

97.087%
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EXAMPLE 2.6 The distribution transformer of Example 2.5 s supplying
2 load at 230 V and at an inductive power factor of 0.85.

(@) Determine the load at which the transformer efficiency is a maximum
and determine the efficiency at that load.

(b) The transformer operates at constant powes factor on a daily load ¢y-
&l that ean be approximately represented by the following: 90% of
rated load for 6 h, 50% of rated load for 10 h, and no load for 8 h. De-
Lermine its cnergy efficiency under these conditions.

Solution

@ For maximum cfficiency, the winding loss s cqual to the core lov.
From Example 2.5, P, = 152 W. The cquivalent winding resistance
referred 1o the 230-V side is Ry, = 0.048 ©. Thus, for maximum effi-
ciency,

Po=Roli

( 152\
ooa8)

The voltampere product or apparent power at this current is
5, =20 % 563=1294  kVA

A 63 A

f.e., 65% of the rated load of 20 KVA. At this load, the power output is
12940 x 0.85 =11000 W

The efficiency at this load is then

Py 11000

= 3 = T 152 + 152 =0.973
Pt Pt Ry i 11000+ 1524152

n





image58.png
(b) The energy output during a 24-h period, expressed in kilowatt-hours, is
(0.9 % 20 X 0.85 X 6) + (0.5 X 20 X 0.85 x 10) = 1768 kW-h
Full-load current on the secondary side is

20000 _ oo

I
T 230

A

The energy loss in the windings during 24 h is
0.048[6(0.9 x 87)? + 10(0.5 x 87)?] =2.67 "kW-h
The energy loss in the core during 24 h is
015224 =365 kW-h

Thus,
176.8

= = 096!
68T 365 v 261
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Example 2.30

A 500 KVA, 600/400V, one-phase transformer has primary and secondary winding resistance of
0.42 0hm and 00011 ohm, respectively. The primary and secondary voltages are 600 V and 400 V,
respectively. The iron loss is 2.9 kW. Calculate the efficiency at half full load at a power factor of
0.8 lagging.

Transformer rating, = 500 kVA
Primary resistance. R, = 042 Q
Secondary resistance, R, = 0-0011 Q

Primary voltage, E, = 6600 V.
Secondary voltage, E, = 400 V.
Tron losses, P, = 29 kW

Fraction of the load, x =

Load pf.,cos ¢ =

8 lagging

k=E_40 _2
E T 6600 33

Transformation ratio,
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Primary resistance referred to secondary,

KR = & x £ 042 = 0001542

-2
173

Total resistance referred to secondary,
0011 +0-00154 = 0-00264

kVAX10° _ 500 x 10°
5 400

Copper losses at full load, P, = I2 R,, = (1250)% x 0-00264

Full load secondary current, I, = 12504

4125 W
Efficiency of transformer at any fraction (x) of the load,

125 kW

xkVAcosg
= XkVA cosg + P, + x°P.
_ 0.5 x500%0-8

0-5%500x0-8+2-9+(0-5)x4-125
= 98:07% (Ans)

n, X100

X 100
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Example 2.31

A single-phase 440/110 V transformer has primary and secondary winding resistance of 0-3 ohm
and 0-02 ohm, respectively. If iron loss on normal input voltage is 150 W, calculate the secondary
current at which maximum efficiency will occur. What is the value of this maximum efficiency for

unity power factor load?

Primary resistance, R, = 03 Q
Secondary resistance, R, = 0:02Q
Tron losses, P, = 150 W
Load power factor, cos ¢ = |
Primary induced voltage, E, = 440 V
Secondary induced voltage, E, = 110V

jon rato, k= E2 2110 _ 1
‘Transformation ratio, K = FI-0°-3
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Primary resistance referred to secondary,

R, l@k--x X0-3=0-01875Q

v
Equivalent resistance referred to secondary,

R,=R,+R/

02 +0-01875 = 0.03875
‘We know the condition for max, efficiency is

Copper losses = Iron losses
ie. BR, =P

Secondary current at which the efficiency is maximum,

Bo_ [1s0  _
7o = Vot =22 A G
The maximum efficiency, . % X100
Vs
6222 %110 x 1

@ xH0x1+2x150 * 100 =958% (Ans)
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Example 2.30
A 500 kVA, G00/400V, one-phase transformer has primary and secondary winding resistance of
0.42 ohm and 0.0011 ohm, respectively. The primary and secondary voltages are 600 V and 400 V,

respectively. The iron loss is 29 KW. Calculate the efficiency at half full load at a power factor of
0.8 lagging.

Solution:
‘Transformer rating, = 500 kVA
Primary resistance, R, = 0-42 Q
Secondary resistance, R, = 0-0011 Q
Primary voltage, E, = 6600 V
Secondary voltage, E, = 400 V
Tron losses, P; = 29 kW

Fraction of the load, x = %: 0.5

Load p.f. cos ¢ = 08 lagging

E
Transformati tio, K= —2 = 28— =
rans! ion ratio, K = 22 =
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8,60 A 1KVA single-phase transformer has an iron loss of 20 W and a full load copper
foss of 40 W. Calculate its efficiency on full load output at a p.f. of (0.8) lagging.

Solution
Efficiency on full load at 0.8 p.f. lagging
Output 1000 x 0.8

= e 2 e X 100% = 93%.
Output + Loss l000x0,8+20+40x
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Primary resistance referred to secondary,

KR,

2.2 _
35 %35 042 = 0001540

Total resistance referred to secondary,
R,=Ry+R/

-0011 +0-00154 = 000264 Q

kvAax10® _
E,

=1250A

Full load secondary current, I,

Copper losses at full load, P, = I3 R,, = (1250 x 000264
= 4125 W =4125 kW
Efficiency of transformer at any fraction (x) of the load,
xkVAcosg
xkVA cosg + P, + x°P.
0-5x500x0-8
0-5x500%0-8+2-9+(0-57 x4-125
= 98:07% (Ans)

x 100

x 100
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Example 2.31

A single-phase 440/110 V transformer has primary and secondary winding resistance of 0-3 ohm
and 0-02 ohm, respectively. If iron loss on normal input voltage is 150 W, calculate the secondary

current at which maximum efficiency will occur. What is the value of this maximun efficiency for
unity power factor load?

Solution:

030
Secondary resistance, R, = 002 Q

Primary resistance, R

Iron losses, P, = 150 W
Load power factor, cos ¢ = |
Primary induced voltage, E, = 440 V
Secondary induced voltage, E, = 110V

Transformation ratio, K = £2 = 110 _ 1

El 440" 4
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Primary resistance referred to secondary,

R/ = KR = }x}x0.3=0.01875 0

v 1=

Equivalent resistance referred to secondary,

R, =R, +R/=002+00I§75=003875 0
‘We know the condition for max, efficiency is
Copper losses = Iron losses

ie. B R,

Secondary current at which the efficiency is maximum,

_ [150
VR, ~ V003875

1,V, cosg
T,Vycos0 +2F,

_ 6222 % 110x 1
6222 % 110x 1 +2x 150

= 62224 (Ans)

‘The maximum efficiency, x100

%100 =958% (Ans)
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EXAMPLE 2.

‘With the instruments located on the high-voltage side and the low-voltage side short-circuited,
the short-circuit test readings for the 50-kVA 2400:240-V transformer of Example 2.3 are 48 V,
20.8 A, and 617 W. An open-circuit test with the low-voltage side energized gives instrument
readings on that side of 240 V, 5.41 A, and 186 W. Determine the efficiency and the voltage
regulation at full load, 0.80 power factor lagging.

W Solution

Fromthe short-circuit test, the magnitude of the equivalent impedance, the equivalent resistance,
and the equivalent reactance of the transformer (referred to the high-voltage side as denoted
by the subscript H) are

48
1Zanl = 305

Xegn=v231 - 1422 =182Q

Operation at full-load, 0.80 power factor lagging corresponds to a current of

50,000
=g =084

and an output power

Poupu = Proas = (0.8)50,000 = 40,000 W
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The total loss under this operating condition is equal to the sum of the winding loss
Puinding = I Rt = 20.8°(1.42) = 617 W

and the core loss determined from the open-circuit test

Peore = 186 W
Thus

Pioss = Puinding + Peore = 803 W
and the power input to the transformer is
Pt = Posgus + P = 40,803 W
The efficiency of a power conversion device is defined as

Pass _ Poos =P _ | _ P
P, - P, -

efficiency =
e o Popn

which can be expressed in percent by multiplying by 100 percent. Hence, for this operating

condition
P 40,000
ffici =100% | == ) =100% ( ———— | =
effciency = 100 (P.m) o (40,mo+303) %8.0%
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The voltage regulation of a transformer is defined as the change in secondary terminal
voltage from no load to full load and is usually expressed as a percentage of the full-load value,
In power systems applications, regulation is one figure of merit for a transformer; a low value
indicates that load variations on the secondary of that transformer will not significantly affect
the magnitude of the voltage being supplied to the load. Itis calculated under the assumption that
the primary voltage remains constant as the load is removed from the transformer secondary.

‘The equivalent circuit of Fig. 2.12¢ will be used with all quantities referred o the high-
voltage side. The primary voltage is assumed to be adjusted so that the secondary terminal
Voltage has its rated value at full load, or Vzs = 2400 V. For a load of rated value and 0.8 power
factor lagging (corresponding to a power factor angle § = —cos™' (0.8) = —36.9°), the load
current will be

.
fum (5” x 10 )ww — 20808 j0.6)A

‘The required value of the primary voltage Viy can be calculated as

Vi = Vo + Tu(Regn + J Xeqm)
= 2400 + 20.8(0.80 — j0.60)(1.42 + j1.82)
= 2446 + j13

‘The magnitude of Yy is 2446 V. If this voltage were held constant and the load removed,
the secondary voltage on open circuit would rise to 2446 V referred to the high-voltage side.
Then

2446 — 2400

Regulation = ———————(100%) = 1.92%
egulation =~ (100%)
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Practice Problem 2.4/

Repeat the voltage-regulation calculation of Example 2.6 for aload of S0 KW (rated load, unity
power factor).

Solution

Regulation = 1.24%
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Using the approximate circuit of Fig. 2-10, determine the secondary current at which the transformer
will have a maximum efficiency.

Let

" @

P, =IR and P, 1§[x2¢£;]

denote the core and copper losses, respectively. The effciency is given by

Vih vh

VL * P * P vy + P + B[R, + R /)

n

For 1 to be a maximum,

wWhich, under the assumption that Py is independent of I, implies that

RN M S A
: :

Py = P‘x”'r =0
Hence, the maximum efficiency is t the load for which the copper loss equals the core loss. The
‘maximizing current J; is given by
r

or





image72.png
Chapter 2: Transformers

21

A 100-kVA 8000/277-V distribution transformer has the following resistances and reactances:

R=5Q Ry =0.005Q
X,=60 X, =0.006Q
R.=50kQ X, =10kQ

‘The excitation branch impedances are given referred to the high-voltage side of the transformer.
(a) Find the equivalent circuit of this transformer referred to the low-voltage side.

() Find the per-unit equivalent circuit of this transformer.

(c)  Assume that this transformer is supplying rated load at 277 V and 0.85 PF lagging. What is this
transformer’s input voltage? What s its voltage regulation?

(d) What are the copper losses and core losses in this transformer under the conditions of part (c)?
() What s the transformer’s efficiency under the conditions of part (¢)?
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SoLuTION

(a) The tums ratio of this transformer is a = 8000/277 = 28.88. Therefore, the primary impedances
referred to the low voltage (secondary) side are

R __50
T Ta (o888

006 QO

B 62 soma
a  (28.38)

and the excitation branch elements referred to the secondary side are
R _ 50kQ

Re= “(osssy

Xp

_X, __10k0

* T2 T (2ss8)

=120

‘The resulting equivalent circuit is

000720 0.005Q j0.0060 %

M\ AMA—~ o

., 600 jza v,
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&S_l_ A 20 kVA, 2000/220 V single-phase transformer has a primary resistance of 2.1 Q
and"a secondary resistance of 0.026 Q. If the total iron loss equals 200 W, find the
efficiency on (i) full load and at a p.f of 0.5 lagging (ii) half load and a p.f of 0.8 leading.
Solution

Iron loss = 200 W

20x10°

Secondary current = =9091 A

Equivalent resistance referred to the secondary

2
=21x (ﬂ] +0.026 = 0.0514 Q
2000
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() The rated KVA of the transformer is 100 kVA, and the rated voltage on the secondary side is 277 V,
so the rated current in the secondary side is 100 KVA/277 V = 361 A. Therefore, the base impedance on
the primary side is

Voo 271V
Zy===T 07670
I.. 361A

Since Z,, = Z,y / Z,,. the resulting per-unit equivalent circuit is as shown below:

2Tr_0.0078  j0.0094 0.0065  jo.0078 _L

+o— AMA— e AN o+

v, 782 j15.6 v,

o o-
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(c) To simplify the calculations, use the simplified equivalent circuit referred to the secondary side of the
transformer.

0011 j0.0132

I\Mrv'm o+

‘The secondary current in this transformer is

100kVA
5, - 10KVA
2771V

‘Therefore, the primary voltage on this transformer (referred to the secondary side) is

£-318°A=3612-318°A

Vs +(Req + JXzg) I
=277£0°V+ (0,011+}0,0132)(3614731 8 A) =283/04°V

‘The voltage regulation of the transformer under these conditions is

VR=282T7  100% =2.2%
277
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(d)  Under the conditions of part (c), the transformer’s output power copper losses and core losses are:
Py =S cos 6=(100 kVA)(0.85) =85 kW
By =(1,) Ry =(361)° (0.11)=1430 W
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7283

P =22 _jsnw
R 50
(e) The efficiency of this transformer is
n For x100% = 85,000 x100% = 96.6%

Po + Py + P 85,000 +1430+1602
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A single-phase power system is shown in Figure P2-1. The power source feeds a 100-kVA 14/2.4-kV
transformer through a feeder impedance of 38.2 +7140 Q. The transformer’s equivalent series impedance
referred to its low-voltage side 15 0.10 +0.4 Q. The load on the transformer is 90 kW at 0.8 PF lagging
and 2300 V.

3820 j1400 0100 j000

Load
90KW

030 PF lagging

Source, Fecder Transfarmer Load
(teansmission line)

FIGURE P2-1
“The creuit of Problem 2-2.

(a) Whatis the voltage at the power source of the system?
(b) Whatis the voltage regulation of the transformer?
(c) How efficient is the overall power system?
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SoLuTION

To solve this problem, we will refer the circuit to the secondary (low-voltage) side. The feeder’s
impedance referred to the secondary side is

4 (24kV

>
=| 3820 +j140 Q)=1.12+j411Q
e 14kv]( J1400) J

‘The secondary current I is given by

90 kW

*“aov)os) OEA

The power factor is 0.80 lagging, so the impedance angle 6=cos™(0.8)=36.87°, and the phasor
current is

1,=4688/-3687° A
(a) The voltage at the power source of this system (referred to the secondary side) is

v, Vo +Lz, +1,Z,

Ve =240020° V+(46.882 ~36.87° A)(1.12+ j4.11 Q) + (46,882 ~36.87° A)(0.10+ j0.40 Q)
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Ve =257623.0°V
Therefore. the voltage at the power source is

Vi =(257623.0° V)2 553 00ny
24k

() To find the voltage regulation of the transformer, we must find the voltage at the primary side of the
transformer (referred to the secondary side) under these conditions

Y, =V +LZ,
\',v =2400£0°V +(46.882-36.87° A)(0.10+ j0.40 ﬂ):241540 3V

There is a voltage drop of 15 V under these load conditions. Therefore the voltage regulation of the
transformer is

VR =2 =240, 1500, 630%
2400

(c)  The overall efficiency of the power system will be the ratio of the output power to the input power.
The output power supplied to the load is Poyr =90 kW. The input power supplied by the source is

Py = Py + Boss = Py + PR=(90 kW) + (46.88 A)’ (1.22 Q) =92.68 kW

By =V Is cos 9=(2415 V)(46.88 A) cos 36.57°=90.93 kW

Therefore, the efficiency of the power system is

=0 1009 = 22V 10096 -97.1%
I 9263 kW
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Consider a simple power system consisting of an ideal voltage source, an ideal step-up transformer, a
transmission line, an ideal step-down transformer, and a load. The voltage of the source is

V, =480£0° V. The impedance of the transmission line is Z,, =3+ j4 Q. and the impedance of the

loadis Zyy =30+ j40 Q

(a) Assume that the transformers are not present in the circuit. What is the load voltage and efficiency
of the system?

(5) Assume that transformer 1 is a 1:5 step-up transformer, and transformer 2 is a 5:1 step-down
transformer. What s the load voltage and efficiency of the system?

(c)  What transformer tums ratio would be required to reduce the transmission line losses fo 1% of the
total power produced by the generator?
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SoLuTioN
(a) The equivalent cicuit of this power system is shown below.
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©

‘The load current in this system is
480.20° V

s _g77/-5313°A
(3+/4Q)+(30+ 40 0)

Lo
‘The load voltage is

Vs =(8.727.£-53.13° A)(30+ 40 ©) =436.420° A
‘The power consumed by the load is

Ry =(8727A)'(30Q)=2285 W
‘The power consumed by the transmission line is

B, =(8727A)(3Q)=2285W
The efficiency of the power system is

B ;1
7= 100% =—2L__x100% ZEW

= x100%=90.9%
By Po+Pae 2285 W+2285 W
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Total copper losses = (90.91)? x 0.0514 = 4248 W
Output Output
Input  Output + Losses
(i) Efficiency at full load and 0.5 lagging p.f.
_ 20x10° 0.5
20x10° x0.5+200 + 424.8
(i) Efficiency at half load and p.f. 0.8 leading
20x10° x0.8x %

Efficiency =

20x10° xo‘xx%uoomu.xx(lz)

% 100% = 94.12%.

- % 100% = 96.3%.
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(5) The equivalent circuit of this power system is shown below.
Zp =3+j40Q

Z,,=30+j400

511

‘The line impedance referred to primary side of T is:
2, =aZ,, =(02) (3+/4Q)=0.12+016Q

The load impedance referred to primary side of T is the same as the acmal impedance, since the furns
ratios of the step-up and step-down transformers undo each other’s changes.

Z,.. =30+ j400
‘The resulting equivalent circuit referred to the primary side of T is:




image85.png
Z..=012+/0.16Q

2
|-
Z,,=30+ 400

‘The load current in this system is

48020° V.
L= _9562/-5313°A
=4 7(0.12+ 016 Q)+ (30+ j40 Q)

‘The load voltage is
Vi =(9.562£-53.13° A)(30+ 40 Q) =47823.4° A

‘The power consumed by the load is
Ru=(9.562A)'(30Q)=2743 W

The power consumed by the transmission line is
B =(8727A) (012Q)=11W

The efficiency of the power system is

J 2 2,
n=To 1000 = — Bt 1000 2B W__
By P+ Pae 43WAIIW

x100% = 99.6%
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(c) Since the power in a resistor is given by P =I’R. the total power consumed in the line resistance
will be directly proportional to the ratio of the line resistance to the tofal resistance in the circuit. The
load resistance is 30 ©0. and that must be 9% of the total resistance in order for the efficient to be 1%.
‘Therefore. the referred line resistance must be

R, 001
R 099

,_001 0.01

=20 222(300)=03030
Re = 59 Res =055 G0

Since the referred line resistance is 0.303 O and the actual line resistance is 3 O, the fus ration must be
7. =d'z,,
(03030)=a*(30Q)
,_(03030)
(3a)
a=0318
in order for 1% of the power to be consumed in the transmission line
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24.

The secondary winding of a real transformer has a terminal voltage of v, () =2828 sin 377t V. The
turns ratio of the transformer is 100:200 (a = 0.50). If the secondary current of the transformer is
7,(t)=7.07 sin (377t —3687°) A. what is the primary current of this transformer? What are its voltage
regulation and efficiency? The impedances of this transformer referred to the primary side are
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R,=020Q R.=3000

X, =

.80 Q X, =100Q

SOLUTION The equivalent circuit of this transformer is shown below. (Since no particular equivalent
circuit was specified, we are using the approximate equivalent circuit referred fo the primary side.)

I, L3
L Rap ey e

+

(@ Ryp =R, + @Ry

. 2
Xegp = X, +aXs

‘The secondary voltage and current are

B28 /ooy = 200£0°V

2

197 ) 3687 A = 52-3687°A

V2
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‘The secondary voltage referred to the primary side is
v 100£0°V

The secondary current referred to the primary side is
L =L
a

=10£-3687° A

‘The primary ciscuit voltage is given by
Vo= Vi +L (R %)
V, =10020° V+(10£-36.87° A)(0.20 O+ j0.80 Q) =106.522.8° V.

‘The excitation current of this transformer is

1065£2.8°V  1065£2.8°V
R a1

300Q 7100Q
I =1.12Z-688°A

1,

Therefore., the total primary cusrent of this transformer is

L= +1,, =102 -36.87°+1.12£~68.8°=11.0£-40.0° A

‘The voltage regulation of the transformer at this load is

V,-aV, 106.5-100

VR = x100% =220 4 100%
100

.5%
o,

‘The input power to this transformer is

=0.355£2.8°+1.0652-87.2°
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By =V,I, cos 6=(106.5 V)(11.0 A)cos[ 2.8°~(-40.0°)]
By =(106.5 V)(11.0 A)cos 42.8°=860 W
‘The output power from this transformer is
PByyp =V,I; cos 6=(200 V)(5 A)cos(36.87°) =800 W
Therefore., the transformer's efficiency is

=P 1000 = 20 W 10096 93,096

By
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26.

A 1000-VA 230/115-V transformer has been tested to determine its equivalent circuit. The results of the
tests are shown below.

‘Open-circuit test Short-circuit fest
(on sccondary side) __(on primary side)

(a) Find the equivalent circuit of this transformer referred to the low-voltage side of the transformer.

(5) Find the transformer’s voltage regulation at rated conditions and (1) 0.8 PF lagging. (2) 1.0 PF. 3)
0.8 PF leading.

(c) Determine the transformer’s efficiency at rated conditions and 0.8 PF lagging.

SoLUTION.
(a) OPEN CIRCUIT TEST (referred to the low-voltage or secondary side)
011A
%] =[G, — By | = = 0.0009565 S
] =16 =B 115V

ol 39W
(15V)(0.114)

72.0°
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SHORT CIRCUIT TEST (referred fo the high-voltage or primary side):

IV 1970
S7A

-1 381W
ot —38W___ 5
O Tiv)(s7A)

Zoq = Req + jXzq =1.97£75.2° Q= 0.503+ j1.905 O
Ry =05030
Xpq = 19050

To convert the equivalent circuit fo the secondary side. divide each series impedance by the square of the
turns satio (a = 230/115 = 2). Note that the excitation branch elements are already on the secondary side.
The sesulting equivalent circuit is shown below:

d,

A Reqg iX. LS

g ——
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Reg; =01260 Koqs = /0476 Q
X, =109 Q

() To find the required voltage regulation, we will use the equivalent circuit of the transformer referred
to the secondary side. The rated secondary current is

1000 VA
115V

a =8.70A

We will now calculate the primary voltage referred to the secondary side and use the voltage regulation
equation for each power factor.

(1) 0.8 PF Lagging:

Vp =V +ZgoL =115£0°V + (0126 + j0476 Q)(8.7£-36.87° A)

=118413°V
118.4-115
115

VR %100% =2.96%

@2 LOPF:

Vy = Vo4 ZegL, =11520°V + (0.126 + j0.476 Q)(8.720.0° A)
v, 2116222042V





 


 


 


 


 


 




           

